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Abstract: We explore the prospects for bounding the weak scale using the weak gravity
conjecture (WGC), addressing the hierarchy problem by violating the expectations of effec-
tive field theory. Building on earlier work by Cheung and Remmen, we construct models in
which a super-extremal particle satisfying the electric WGC for a new Abelian gauge group
obtains some of its mass from the Higgs, setting an upper bound on the weak scale as other
UV-insensitive parameters are held fixed. Avoiding undue sensitivity of the weak scale to
the parameters entering the bound implies that the super-extremal particle must lie at
or below the weak scale. While the magnetic version of the conjecture implies additional
physics entering around the same scale, we demonstrate that this need not correspond to
a cutoff for the Higgs potential or otherwise trivialize the bound. We stress that linking
the WGC to the weak scale necessarily involves new light particles coupled to the Higgs,
implying a variety of experimentally accessible signatures including invisible Higgs decays
and radiative corrections in the electroweak sector. These models also give rise to natural
dark matter candidates, providing additional paths to discovery. In particular, collective
effects in the dark matter plasma may provide a telltale sign of the Abelian gauge group
responsible for bounding the weak scale.
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1 Introduction
The problems of the Standard Model (SM) are, for the most part, problems of effective field
theory (EFT). As the prospects for resolving these problems in the context of EFT seem
increasingly remote, the possibility that their resolution lies in the failure of EFT becomes
ever more compelling. Of course, the robustness of EFT suggests that its failure should
only come with good reason, and the challenge remains to identify mechanisms for this to
occur without spoiling the remarkable successes of the SM. Ideally, such mechanisms would
still leave telltale fingerprints at low energies, making the search for signs of EFT’s failure
as compelling as the ongoing search for signs of its success.
At the same time, the apparent problems of the SM are tied up in the one force it
does not describe: gravity. Given gravity’s propensity for connecting the ultraviolet to
the infrared, it is natural to look to the weakest force for guidance. Indeed, in the past
decade it has become increasingly apparent that a consistent theory of quantum gravity
may proscribe the space of viable EFTs. This has been perhaps most clearly articulated by
the Swampland program [1], which aims to identify the set of otherwise-consistent effective
field theories that cannot be completed into a consistent theory of quantum gravity (see
[2, 3] for recent and comprehensive reviews). The potential for the Swampland program,
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and adjacent developments, to explain some of the more puzzling features of the SM has
been explored in e.g. [4–17].
The Swampland program includes a range of conjectures of varying concreteness, draw-
ing inspiration from both broad infrared considerations and specific properties of ultraviolet
completions. In what follows, we will restrict our attention to various forms of the Weak
Gravity Conjecture (WGC) [18], colloquially “gravity is the weakest force.” Compared to
other conjectures within the Swampland program, the WGC has the advantage of being
relatively concrete and motivated by a variety of infrared considerations. As a bound on
mass scales, it also provides a suggestive setting for addressing the problems of the SM,
most notably the electroweak hierarchy problem.
Although there are many variants of the WGC, we will be primarily interested in its
two essential forms. Namely, a U(1) gauge theory with gauge coupling g coupled to gravity
must satisfy the following criteria:
• Electric Weak Gravity Conjecture: There exists a particle in the theory with mass m
and charge q under the U(1) satisfying 1
m . gqMPl , (1.1)
where g is the gauge coupling (i.e. the electric charge quantum), and q ∈ Z.
• Magnetic Weak Gravity Conjecture: The purely local, electric description of the U(1)
breaks down at a scale Λ satisfying
Λ . gMPl . (1.2)
There are several points worth emphasizing about each of the above conjectures. The
first is that we have framed the electric WGC in terms of a particle, making apparent its
role in constraining the parameters of EFTs. Some recent attempts to prove the weak
gravity conjecture [19–21] have largely focused on demonstrating that the bound can be
satisfied by states heavier than the Planck scale, such as black holes. While these arguments
address some of the rationale for the electric WGC coming from the (in)stability of extremal
black holes in non-supersymmetric theories, they are not valid in all regimes and do not
broadly accommodate all of the evidence for the WGC. If this were all that there was to the
conjecture, then it would be largely trivial, as a weaker version satisfied by trans-Planckian
states does not necessarily circumscribe the properties of EFTs embedded in a theory of
quantum gravity. In what follows, we will presume (not without good reason) the stronger
form of the conjecture involving degrees of freedom in the infrared.
The second point worth emphasizing is that our framing of the electric WGC is some-
what vague about the detailed properties of the particle(s) satisfying the bound – whether
there is more than one, whether they are stable, whether they are the lightest charged
particles, whether they are the particles of smallest charge, etc. Various refinements of
1 Strictly speaking: m ≤ √2gqMPl, with MPl ≡ 1/
√
8piGN ≈ 2 · 1018 GeV. In the following, we will
drop the factor of
√
2 appearing in various forms of the conjecture, as O(1) corrections to Eq.(1.1) will have
no bearing in the subsequent discussion.
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the electric WGC have been proposed (e.g. [22–25]), and may give rise to diverse avenues
for addressing problems of the SM. For the most part Eq.(1.1) will be sufficient for our
purposes, though possible refinements will become relevant when investigating the inter-
play between the electric and magnetic versions. The electric WGC is also modified in the
presence of light (ideally massless) scalar fields [26], which potentially allows for separation
of the electric and magnetic scales.
The third point worth emphasizing is our identification of the scale Λ appearing in the
magnetic WGC with the scale at which the purely local, electric description of the U(1)
breaks down, rather than a more sweeping cutoff. Although Λ is often regarded as the
scale at which quantum gravity enters, or four-dimensional QFT breaks down entirely, this
need not be the case. In arguments leading to the magnetic WGC, Λ is typically identified
with the scale of degrees of freedom linked to the existence of magnetic monopoles. This
could readily be satisfied, for example, if the U(1) in question is the IR remnant of an
SU(2) gauge group higgsed by the vacuum expectation value (vev) of a complex scalar
transforming in the adjoint representation [27, 28]. Provided the vev is at or below the
Planck scale, then the scale appearing in Eq.(1.2) can be identified with the appearance
of the massive W bosons. Of course, there are more radical possibilities for physics at the
scale Λ – see e.g. [29] for an extended discussion – but it is important to bear in mind
that arguments leading to the magnetic conjecture may be satisfied without leading to
the end of four-dimensional QFT. We emphasize that this is not in contradiction with
statements made in the context of stronger versions of the WGC that indicate a cutoff to
four-dimensional QFT at scales of order g1/3MPl [23, 29] associated to the appearance of
an infinite tower of particles: In the regime of weak coupling g  1, and therefore the
cutoff g1/3MPl lies parametrically above the scale gMPl.
In this paper, we will explore the prospects for bounding the value of the weak scale
using the electric WGC, thereby addressing the electroweak hierarchy problem. Such efforts
must necessarily also contend with the magnetic WGC, which implies physics appearing
around the same scale, and that may trivialize the purported bounds. In doing so, our
work builds on [8], where the first such attempts were made, and [13], which attempted
to separate the scales implied by electric and magnetic forms of the conjecture. This
approach is broadly inspired by earlier work involving discrete symmetries [5–7, 16], and
discrete versions of both the model in [8] and the models presented here were first sketched
in [7], albeit with significantly different implications. Needless to say, our attempts to
bound the weak scale with the weak gravity conjecture are also inspired by the application
of other Swampland conjectures to the same problem [9–12, 14, 15].
To see how the WGC might be linked to the hierarchy problem, it is worth briefly
reviewing the logic behind the problem itself. In an EFT with UV-sensitive parameters
(such as the Higgs mass in the SM), the natural expectation is that these will accumulate
contributions from physics at and above the cutoff ΛEFT of the EFT. Absent substantial
cancellations between these contributions (which must be considered fine-tunings in the
absence of special symmetries or dynamics, since decoupling implies that physics at ΛEFT is
insensitive to the far infrared), the natural size of a UV-sensitive parameter is O(1) in units
of ΛEFT. Viewed as a statement about probability distributions in the space of EFTs, this
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amounts to saying that the most likely EFTs are the ones whose UV-sensitive parameters
are on the order of (appropriate powers of) the cutoff. Smaller values of such parameters
can be explained by reference to symmetries, dynamics, or anthropics, which all have the
effect of shaping the probability distribution on the space of theories so that it peaks at
smaller values of the parameter of interest – in some cases by lowering the cutoff itself, in
others by enforcing seemingly unlikely cancellations. The WGC can operate in the same
way: given a consistent theory of quantum gravity in the UV, WGC bounds proscribe the
space of EFTs by bounding the masses of certain charged particles. If the mass of a particle
subject to a WGC bound can be made to depend on the value of the weak scale, then the
WGC will shape the probability distribution for the weak scale. The resulting probability
distribution may peak at values much smaller than naive EFT reasoning would suggest,
thereby providing a rationale for why v ≪ ΛEFT. The observed value of the weak scale
in this case might result from seemingly-arbitrary cancellations between UV contributions
and thus appear fine-tuned to an infrared observer, but it would be “natural” in the sense
that it represents a likely value in the distribution. Put another way, satisfying the WGC
bound would orchestrate correlations among UV parameters that might appear surprising
from an EFT perspective.
Of course, the space of EFTs is vast, even if the low-energy field content is held fixed:
there are many parameters. In this parameter space, WGC bounds may be satisfied by
simultaneously varying the values of both UV-sensitive and -insensitive parameters, creat-
ing flat directions in which all values of the former are allowed. To effectively bound the
weak scale using the WGC, we must therefore restrict ourselves to slices of the space in
which UV-insensitive parameters are held fixed while UV-sensitive parameters are allowed
to vary. While this might seem like a radical requirement, it is really not so different from
more conventional solutions to the hierarchy problem. In supersymmetric or composite
extensions of the SM, the Higgs mass parameter (and hence the weak scale) is fixed by
technically natural parameters that may be rendered small by separate mechanisms. Dy-
namical approaches such as the relaxion [30] likewise relate dynamically-selected values of
the weak scale to fixed values of technically natural parameters. The anthropic bound on
the weak scale following from the atomic principle [31] requires holding the dimensionless
parameters of the SM fixed across the landscape of vacua. In each case, the technically
natural (or otherwise UV-insensitive) parameters can be set by other considerations, and
the probability distribution on the space of EFTs restricted to those that are UV-sensitive.
Although the value of the weak scale resulting from a WGC bound may appear fine-
tuned from an infrared perspective, there is still a notion of naturalness in the EFT relating
the values of technically-natural parameters to the value of the weak scale. If the particle
subject to a super-extremality bound only obtains a small fraction of its mass from elec-
troweak symmetry breaking, and a much larger part from technically natural parameters,
then the value of the weak scale saturating the WGC bound is inordinately sensitive to
the technically natural parameters: small fractional variations in these parameters lead to
large fractional variations in the value of the weak scale saturating the WGC bound. If the
WGC plays a role in fixing the weak scale, this suggests that the physics implied by the
electric and magnetic versions of the conjecture should be near or below the weak scale. In
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this respect, a WGC bound on the weak scale is not unlike more conventional approaches
to the hierarchy problem, although the detailed signatures are radically different.
There are many ways in which this line of reasoning could break down. The scale im-
plied by the magnetic WGC could also be the cutoff scale of the Higgs potential (e.g. the
scale of supersymmetry, or the scale of breakdown of four-dimensional effective field the-
ory), in which case the conventional picture of naturalness is restored without any particu-
lar involvement of the conjecture in stabilizing the weak scale. Similarly, the cancellations
between large UV contributions required by a WGC bound could be enforced by the ap-
pearance of new light particles to do the trick, such as the relaxion. Alternatively, new
degrees of freedom appearing at the magnetic scale could themselves satisfy the electric
version, relieving the apparent WGC particle of its duties and thereby trivializing a puta-
tive bound on the weak scale. More surprisingly, it may be that UV-sensitive parameters
actually control the size of apparently UV-insensitive ones, so that it is no longer sensible
to use fixed values of the latter to bound the former. Indeed, this is precisely what ap-
pears to happen for gauge fields that emerge as a low-energy description of a scalar field
theory: the strength of the emergent gauge coupling is controlled by the scalar masses
themselves [32]. Whether any of these occurs depends on the UV completion, and different
UV completions presumably satisfy the various forms of the WGC in different ways. Our
goal here is to determine, from the bottom up, whether satisfying the electric WGC might
lead to a bound on the weak scale that is not immediately superseded or trivialized by
considerations stemming from the magnetic version.
Even if the WGC can be successfully linked to the weak scale, it bears remembering
that the most satisfying solutions to the hierarchy problem do not merely bound the value
of the weak scale, but also explain why electroweak symmetry is broken in the first place.
Although the models presented here may explain why v is not large, they do not address
why it is nonzero. Of course, this is not a fatal shortcoming; large positive values of the
Higgs mass-squared could be disfavored by additional considerations including properties
of the UV completion (e.g. frameworks that favor electroweak symmetry breaking, such
as supersymmetry, or details of the physics at Λ), additional WGC bounds coming from
multiple U(1)s, scanning or other cosmological evolution that can induce a bias, anthropics,
and so forth.
Given these caveats, a WGC bound on the weak scale without testable predictions
would be little more than a way to help theorists sleep at night, and theorists are not
entitled to much sleep in the current era. The value of the models presented here is that
they make relatively sharp predictions for the mass scale and couplings of the new particles
that connect the WGC to the weak scale, providing a motivated target for experimental
searches. Falsifying these models would not rule out the WGC or its potential role in
stabilizing the weak scale, but would certainly narrow the path for it to do so.
This paper is organized as follows: In section 2 we present a series of models that
connect the WGC bound to the weak scale. We begin by reviewing the gauged U(1)B−L
model proposed in [8]. While perhaps the simplest means to our end, this model requires
the magnetic WGC to be addressed well below the weak scale, in conflict with experimental
bounds. This leads us to consider models with a new U(1) gauge group and a WGC particle
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that acquires at least some of its mass from electroweak symmetry breaking. We consider
models in which the WGC particle is alternately a scalar or a fermion. In both cases,
avoiding additional fine-tuning implies that these new particles must couple to the Higgs
and lie at or below the weak scale. We further discuss how the magnetic version of the
conjecture may be accommodated in these models. In section 3 we explore the possibility
of parametrically separating the mass of the WGC particle from the magnetic scale due to
the effects of Yukawa forces. We review the examples of scale separation presented in [13]
and adapt them to our models, finding a degree of tension between scale separation and
additional fine-tuning. Successfully linking the WGC to the weak scale necessarily involves
new particles coupled to the Higgs, giving rise to a variety of signatures that we explore in
section 4. Our models give rise to natural dark matter (DM) candidates that further shape
the motivated parameter space, and provide additional paths to discovery. In particular,
collective effects in the DM plasma may provide a probe of exceedingly small values of the
gauge coupling in the context of galaxy cluster collisions, regardless of its relation to the
hierarchy problem.
2 The weak scale from weak gravity
The basic observation that the upper bound set by the WGC on the mass of a state charged
under an unbroken U(1) could, indirectly, translate into a bound on the vev of a scalar
field is not new [8]. In its simplest form, a Dirac fermion with mass m and Abelian charge
g satisfying the super-extremality bound must have m . gMPl. If the fermion mass arises
from a Yukawa coupling to a scalar field that gets a non-zero vev f , of the form m ∼ yf ,
then the WGC bound translates into a bound on f , of the form
f
MPl
. g
y
. (2.1)
The size of a UV-sensitive parameter is therefore bounded by two technically-natural cou-
plings. Of course, an upper bound f/MPl  1 would only follow from Eq.(2.1) for equally
small values of g/y. To retain perturbativity we must have g, y . 1, and thus such a small
ratio would require exceedingly small values of the gauge coupling. In this context, the
question of why f/MPl is small therefore translates into why g itself is tiny. The crucial
observation being, of course, that g and y are UV-insensitive parameters that depend at
most logarithmically on the cutoff, and so the qualitative nature of the problem is radically
altered.
In particular, the upper bound on f given by Eq.(2.1) may be parametrically below the
EFT cutoff, which in principle could be as high as MPl. As discussed in the Introduction,
this result would seem to contradict EFT logic, but can nevertheless be reconciled with the
notion of naturalness when extra consistency conditions believed to be necessary for UV
completion are taken into account – namely, that the WGC must hold. In this sense, the
bound on f set by the WGC would ‘explain away’ what from the EFT perspective looks
like a hideous tuning, making it in fact natural for the ratio f/MPl to be as small as ∼ g/y.
Of course, values of the vev such that f/MPl  g/y would not be justified by Eq.(2.1),
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and, in the absence of any explanation or dynamical mechanism, an additional hierarchy
would demand fine-tuning in the traditional sense.
The difficulty lies in adapting the observation sketched above to obtain an upper
bound on the weak scale, and requires introducing an Abelian gauge group with coupling
g not bigger than v/MPl ∼ 10−16. We discuss previous attempts at implementing the
above discussion by means of a gauged U(1)B−L symmetry in section 2.1, and summarise
the roadblocks this suggestion encounters. Motivated by such difficulties, we present two
alternative models in sections 2.2 and 2.3, where the super-extremal states charged under a
new Abelian gauge group (different from U(1)B−L) are respectively a scalar and a fermion.
Although less minimal in their field content than the suggestion summarised in 2.1, they
are nevertheless successful in explaining the smallness of the weak scale. Finally, section
2.4 discusses how the magnetic version of the conjecture might be addressed in the context
of the models introduced in 2.2 and 2.3 without altering the bound on the weak scale.
2.1 The trouble with B − L
A priori, the most economical approach to try and relate the WGC bound on the mass
of a state charged under an Abelian gauge symmetry to the size of the weak scale would
be through a gauged, unbroken U(1)B−L, as first suggested in [8]. Current experimental
constraints from fifth force searches place stringent upper bounds on the corresponding
gauge coupling g . 10−24 [33, 34]. As a result gMPl . 1 keV, leaving neutrinos as the
only SM particles eligible to satisfy the super-extremality condition. In fact, that neutrinos
saturate the WGC would require g & mν/MPl ∼ 10−28, a lower bound on the corresponding
gauge coupling only four orders of magnitude below current constraints.
An unbroken U(1)B−L can be reconciled with the need for neutrino masses so long as
they are Dirac particles. Extending the SM field content to include right-handed neutrinos,
νc, a non-zero mass can be written through a standard Yukawa coupling to the Higgs of
the form L ∼ yνHLνc, leading to mν ∼ yνv. The super-extremality constraint mandated
by the WGC then translates into an upper bound on the Higgs vev, of the form [8]
v
MPl
. g
yν
. (2.2)
A Yukawa coupling yν ∼ 10−12 would then imply an upper bound on the Higgs vev of
∼ 1 TeV, a priori providing an explanation for the apparent fine-tuning of the weak scale.
A full resolution would further require addressing the implications of the magnetic form
of the conjecture, which, as reviewed in the Introduction, imply some form of cut-off at the
scale Λ . gMPl related to the structure of magnetic monopoles. One possibility would be to
embed the U(1)B−L gauge group into an SU(2)B−L, broken down to its Abelian subgroup
by the non-zero vev of a Higgs field transforming under the adjoint representation. New
degrees of freedom would indeed appear below the scale gMPl, these being the W gauge
bosons corresponding to the broken directions, and carrying 2 units of U(1)B−L charge.
For a natural value of the adjoint vev close to the Planck scale, these new states would have
masses of order mW ∼ 0.1 eV, a possibility that is consistent with current experimental
constraints given their exceedingly small coupling to SM degrees of freedom.
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However, difficulty arises when we try to embed the SM fermion content into appro-
priate SU(2)B−L multiplets. The fact that the ratio of B − L charges between leptons
and quarks is 3, together with the requirement of maintaining gauge anomaly cancellation,
implies that each SM fermion field must transform at least under a 4 of SU(2). Under
the unbroken U(1)B−L subgroup, the different components of a 4-multiplet carry charges
−3/2,−1/2,+1/2, and +3/2 (in units of the non-Abelian gauge coupling), one of which
can always be identified with the corresponding SM quark or lepton. The remaining 3,
however, would correspond to extra degrees of freedom carrying the same SM quantum
numbers as the corresponding fermion. Effectively, this would imply the existence of no
less than 9 extra fermion families, a possibility which is obviously ruled out.
One could try to embed both the U(1)B−L and the SM gauge sector into the same non-
Abelian gauge group, as it is common in the context of GUTs [35]. Such an arrangement
would avoid the proliferation of copies of the SM fermion families, but it would lead to a
B − L gauge coupling gB−L = O(1), in flagrant violation of experimental constraints. In
this context, the U(1)B−L would need to be broken at a high scale. Of course, completion
into a non-Abelian group is just one possibility for the physics at Λ, but it seems unlikely
that other options (the appearance of extra dimensions, breakdown of local field theory,
etc.) would be in better agreement with data, given that the SM is well understood at
energies far above an eV.
The above observations raise the question of whether the presence of an unbroken
U(1)B−L gauge symmetry, although possible in principle, may not be a viable option in
practice – that is when trying to implement a model that addresses the structure of mag-
netic monopoles while remaining compatible with all experimental constraints. (We note
that trying to play ‘tricks’ such as those in [36] won’t help: whereas a U(1)B−L ‘clockwork’
construction would provide a dynamical explanation of the smallness of g while exponen-
tially deferring the WGC cut-off, the same issues as outlined above (as well as others) will
have to be faced when trying to implement a model that addresses the structure of the
magnetic monopoles charged under the multiple U(1) factors that comprise the clockwork
construction.) From the model-building perspective this provides an interesting direction
for further investigation, whereas on the experimental front it reinforces the important role
of fifth force searches.
Relating the WGC bound on a massive particle to the electroweak scale thus seems to
require the introduction of a new Abelian gauge group with charged matter that acquires
at least some of its mass from the Higgs. In the remainder of this section we present two
concrete suggestions that successfully realise this idea.
2.2 A scalar model
The simplest model that successfully relates the WGC bound on a particle’s mass to the
size of the electroweak scale only requires the addition of a complex scalar field Φ charged
under a new Abelian gauge group U(1)X , but otherwise being a SM-singlet. Using a WGC
bound on the mass of a scalar to constrain the weak scale is a bit subtle, as its mass-
squared parameter is not itself a technically natural quantity, but it provides the clearest
illustration of the phenomenon, subject to some caveats.
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For simplicity, we take Φ to carry the unit of U(1)X charge g. At the renormalizable
level, the scalar potential for Φ admits the following marginal and relevant interactions:
− L ⊃ m2|Φ|2 + λ|Φ|4 + κ|Φ|2|H|2 , (2.3)
and we will focus on the case κ > 0. After electroweak symmetry breaking, the physical
mass-squared of the complex scalar is given by
m2Φ = m
2 +
κ
2
v2 . (2.4)
If m2Φ < 0, Φ acquires a vacuum expectation value and Higgses U(1)X , in which case there
is no strong bound from the electric WGC (for possible exceptions, see [16]). However, if
m2Φ > 0, requiring that Φ satisfies the electric form of the conjecture implies
mΦ . gMPl , (2.5)
and, in turn, an upper bound on the weak scale as given by
v2 =
2
κ
(m2Φ −m2) .
2
κ
(
(gMPl)
2 −m2) . (2.6)
Turning Eq.(2.6) into a meaningful upper bound on the size of the weak scale is slightly
more subtle than in the toy example discussed at the beginning of section 2. Now, m2Φ
receives an extra contribution from the mass-squared of Φ, which is itself a UV-sensitive
parameter. From an EFT perspective, the natural size for the mass-squared and quartic
coupling of Φ is of the form (up to logarithms) m2 ∼ ξΛ2EFT/16pi2, and λ ∼ ξ2/16pi2, with
ξ = κ, g2, whereas m2H ∼ y2tΛ2EFT/16pi2 for the SM Higgs. 2 Eq.(2.5) could then be satisfied
even for κv2, |m2|  (gMPl)2, provided an accurate cancellation takes place between the
two terms in Eq.(2.4). The WGC would then explain the apparent fine-tuning in the
physical mass of Φ, but the corresponding upper bound would nevertheless be consistent
with an electroweak symmetry breaking scale close to the cutoff.
Some further extra assumption needs to be made in order to obtain a meaningful bound
on v. Ideally, m2 would be itself a technically natural parameter, as would happen if, for
instance, Φ were part of an (approximate) supersymmetric sector, or if κ, g≪ 1. In such
case, m2 could be consistently argued to be small, and Eq.(2.6) would imply, parametrically
v
MPl
. g√
κ
. (2.7)
A specific model with g/
√
κ ∼ 10−16 would then suggest that v/MPl . 10−16, providing
an explanation for the smallness of this ratio. A prediction of this scenario would be the
presence of a complex scalar field Φ appearing at the scale mΦ ∼
√
κv, which may be at
or below the weak scale, depending on the value of κ, and carrying charge g≪ 1 under a
new Abelian gauge group. Some potentially interesting phenomenological aspects of such
a prediction are explored in section 4.
2These expectations all assume the leading possibility m2 ∼ Λ2EFT is forbidden by a symmetry at ΛEFT.
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A further observation is that Eq.(2.6) would seem to allow us to set a non-trivial bound
on v2 while taking both m2Φ ∼ (gMPl)2,m2  v2. This would decouple Φ from the Higgs
sector, thereby stabilizing the weak scale without leaving any evidence in the infrared.
That this realization would be fine-tuned, in the traditional sense, is evident from the
right-hand-side of Eq.(2.6), where an accurate cancellation would be required. It can also
be more quantitatively expressed in terms of the sensitivity of the weak scale to variations
in the underlying parameters, precisely as we do for more conventional approaches to the
hierarchy problem.3 In particular, we can compute the sensitivity to dimensionful inputs
using the Barbieri-Giudice measure [37]:
∆x ≡
∣∣∣∣∂ log v2∂ log x
∣∣∣∣ . (2.8)
Treating m2Φ (equivalently, g) and m
2 as input parameters, the sensitivity of the weak scale
to these inputs is then simply
∆m2Φ
=
2m2Φ
κv2
, and ∆m2 =
2m2
κv2
. (2.9)
Indeed, having m2,m2Φ  κv2 would thus lead to ∆m2 ,∆m2Φ  1, signalling the mandatory
fine-tuning. Using the WGC bound on a scalar particle to explain the smallness of v, while
at the same time avoiding tuning of the infrared parameters, thus requires κv2 ∼ m2 ∼
(gMPl)
2. Note that the UV-sensitivity of m2 naively implies v ∼ ΛEFT/4pi, which is only
smaller than the SM expectation by a factor of ∼ yt/
√
λSM. Amusingly, this is still the
same improvement one might expect from far more elaborate models of neutral naturalness
[38], but in this case it is primarily a casualty of assigning the same cutoff scale to Φ and
H. In a supersymmetric UV completion, the one-loop correction to m2 induced by κ would
be cut off by the Higgsino mass, leading to a one-loop improvement over supersymmetric
expectations.
2.3 A fermionic model
While somewhat more elaborate than the scalar model presented above, a fermionic model
provides a clearer illustration of how the weak scale can be bounded by technically natural
parameters in conjunction with the WGC. As in the scalar model, obtaining a non-trivial
bound implies that charged fermions transforming under a new Abelian gauge group acquire
some of their mass from electroweak symmetry breaking. To this end, we introduce a pair
of vector-like fermions L,N with conjugates Lc, N c transforming under both the SM and
a new Abelian gauge group U(1)X . The Weyl fermion L has the SM quantum numbers
(1,2)+ 1
2
, while N is a complete SM-singlet. For definiteness, we consider a U(1)X that
gauges the sum of the U(1)V symmetries of the fermions, leading to charge assignments
Q[L] = Q[N ] = −Q[Lc] = −Q[N c] = +1 under U(1)X .
3The rationale for considering the sensitivity of the weak scale to the values of infrared parameters
(but not ultraviolet parameters) bears emphasizing. Satisfying the WGC enforces correlations among UV
contributions to the mass of the WGC particle, but we should still ask that the value of the weak scale not
change radically under small variations in the WGC bound or the parameters connecting the two.
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The following Dirac masses and couplings to the SM sector are consistent with existing
symmetries:
−L ⊃
{
mLLL
c +mNNN
c + yH†LN c + y˜HLcN
}
+ h.c. (2.10)
After electroweak symmetry breaking, the corresponding mass terms read
− L ⊃
(
L N
)(mL yv√2
y˜v√
2
mN
)(
Lc
N c
)
+ h.c. , (2.11)
where we have used 〈H〉 = v/√2 ' 174 GeV. The mass matrix contains a single physical
phase, namely φ = arg (yy˜m∗Lm
∗
N ). For concreteness, in what follows we focus on the case
φ = pi, although the following discussion is largely independent of its exact value.
At this point it is worth pausing to emphasize that the parameters mL,mN , y and y˜ are
all technically natural. In particular, mL,mN → 0 respectively restore the axial symmetries
U(1)A,L and U(1)A,N , while y, y˜ → 0 restore the diagonal axial symmetries. Note that while
mL and mN are formally independent parameters breaking the chiral symmetries of L and
N , since the Yukawa couplings only preserve the diagonal chiral symmetry this leads to
radiative corrections that correlate the masses. In particular, we have
δmN ≈ yy˜
4pi2
mL log
ΛEFT
mL
, and δmL ≈ yy˜
8pi2
mN log
ΛEFT
mN
, (2.12)
which naturally correlates the two vector-like masses by a loop factor in theories without
tuning.
The physical mass spectrum following from Eq.(2.11) consists of a single Dirac fermion
carrying U(1)EM charge with mass mL, as well as two U(1)EM-neutral Dirac fermions, χ1
and χ2, with masses given by
m2χ1,2 =
1
2
(
m2L +m
2
N + y
2v2 ∓ (mL −mN )
√
(mL +mN )2 + 2y2v2
)
, (2.13)
where we have set |y˜| = |y| for convenience. All of the fermions carry unit charge under the
unbroken U(1)X . Holding mN ,mL, and y fixed, the mass of the lightest fermion increases
as we increase the Higgs vev from v = 0. 4
We can now ask what bounds on the parameter space might be implied by the electric
WGC applied to U(1)X . If the U(1)EM-charged fermion satisfies the electric WGC, then
this would only imply mL . gMPl. In this case, the conjecture would hold for any value
of v, and thus fails to give an interesting bound on the weak scale. The more interesting
possibility is for mL > mN (subject to the correlation in Eq.(2.12)) so that for sufficiently
small values of v we have
mχ1 . gMPl , and mχ± ,mχ2 & gMPl . (2.14)
In this case the electric version of the conjecture can be violated as v is increased, leading to
a potentially interesting bound on the weak scale. Since mχ1 depends on three technically
4This statement is not independent of the choice of φ. For φ = 0, mχ1 initially decreases with v.
However, both mχ1 and mχ2 ultimately increase as a function of v for arbitrary values of the phase.
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natural parameters (mN ,mL, y) and one UV-sensitive parameter (v), we can think of the
WGC and fixed, technically natural values for mN ,mL, y and g as setting an upper bound
on v. From Eq.(2.13), imposing mχ1 . gMPl leads to
v2 . 2
y2
(
m2χ1 +mχ1(mL −mN )−mLmN
)
. (2.15)
As with the scalar model, we can compute the fine-tuning of the weak scale by treating
mχ1 (equivalently, g) as an input parameter fixed by the WGC. Assuming Eq.(2.15) is
saturated, we have
∆mN =
2
y2v2
mN (mχ1 +mL) , (2.16)
∆mL =
2
y2v2
mL(mχ1 −mN ) , (2.17)
∆mχ1 =
2
y2v2
mχ1(2mχ1 +mL −mN ) . (2.18)
(2.19)
In order for the weak scale not to be overly sensitive to the underlying parameters (∆ ∼ 1),
we typically require yv ∼ mL ∼ mN , implying that the fermions charged under U(1)X
should be at or near the weak scale itself. We explore potential phenomenological implica-
tions of this model in section 4.
2.4 The magnetic WGC
As the reader has no doubt been anticipating, we should also expect to satisfy the mag-
netic version of the conjecture. Whatever the physics implied by the magnetic WGC, the
models in sections 2.2 and 2.3 already improve upon the U(1)B−L model in [8] insofar as
the magnetic scale can now lie at or above v, rather than well below it. That said, it war-
rants exploring what new physics might be implied by the magnetic WGC, and whether it
modifies the presumed bound on the weak scale.
A straightforward way to address the magnetic version of the conjecture in the models
presented here would be to embed the U(1)X into an SU(2)X gauge group, and to promote
the scalar and fermion fields introduced in sections 2.2 and 2.3 to SU(2)X doublets. As
discussed in the Introduction, a symmetry breaking pattern SU(2)X → U(1)X can be ob-
tained though the non-zero vev of a Higgs field transforming in the adjoint representation.
The matter content charged under U(1)X would then be twice that of the minimal imple-
mentations discussed in previous sections. Moreover, if the scale of spontaneous symmetry
breaking is close to MPl, a W gauge boson corresponding to the broken directions would be
present in the spectrum at a scale mW ≈ g2MPl = 2gMPl, and carrying 2 units of U(1)X
charge. 5 The phenomenological implications of such an extension will vary depending on
the values of g, and the couplings between the U(1)X -charged fields and the SM sector, as
we discuss further in section 4.
5g2 refers to the SU(2)X gauge coupling, which corresponds to twice the charge quantum of the unbroken
Abelian factor.
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An important consideration concerning any implementation of the magnetic WGC
is that it might alter our discussion leading to an upper bound on the weak scale. In
particular, the W gauge boson present in an SU(2)X embedding satisfies the electric version
of the WGC itself, although with a higher upper bound on its mass, given that it carries
twice the U(1)X charge of fundamental fields. Potentially, this could trivialize the electric
WGC altogether, since the mass of W is independent of v. A conclusive assessment of this
potential caveat would require an answer to crucial questions regarding the form that the
WGC takes in the far infrared: Can it be applied to a particle of arbitrary spin? Are there
any circumstances under which the WGC particle is required to be the lightest state, or
the state carrying the unit of charge? Does the super-extremal state need to be stable?
(Notice that if the masses of both the W gauge boson, and the U(1)X -charged matter
saturate their corresponding upper bounds, then the W would be marginally unstable.)
Any of these refinements, if true, would preserve the bound on the weak scale even in
the presence of the W gauge bosons. These questions remain largely open, and answering
them is perhaps one of the most urgent aspects of the WGC – not only for the discussion
presented here, but more generally regarding the standing of the conjecture in the context
of the Swampland program [36].
As already mentioned in the Introduction, embedding into a non-Abelian gauge group
is certainly not the only way of addressing the magnetic WGC. Alternative constructions
could lead to their own phenomenological predictions, potentially quite different from the
signs of naturalness that are common in standard solutions to the hierarchy problem.
Another concrete possibility is the embedding of the U(1) into the higher-dimensional
spacetime symmetry group [39]. The fact that Kaluza-Klein theories contain magnetic
monopole configurations was first noticed in [40, 41], and in this case the scale of the
magnetic WGC can be identified with the inverse size of the extra dimensions. Indeed, in
the simplest case of an extra dimension compactified on S1, we have R−1 = gMPl where
R is the radius of compactification and g is the charge of the Kaluza-Klein U(1). In this
case, the magnetic WGC scale corresponds to the mass of the lightest KK modes. Now,
one might naively expect that the appearance of an extra dimension at gMPl ∼ v would
cut off radiative corrections to the Higgs potential at the same scale, thereby replacing a
non-trivial WGC bound on the weak scale with a more familiar solution in the form of large
extra dimensions [42]. But this is not the case: for a single extra dimension compactified
on S1, the five-dimensional Planck scale is M5 ∼ (M2PlR−1)1/3 ∼ (vM2Pl)1/3  v, rather
than M5 ∼ v as would be required to explain the weak scale purely by dilution of gravity
in extra dimensions. The WGC applied to a U(1) originating from the compactification of
an extra dimension would appear to set a stronger bound on the weak scale than the extra
dimension alone.
However, this appealing prospect is undone by the existence of the KK graviton modes
[43], which trivialize the electric WGC bound. The massless five-dimensional graviton leads
to four-dimensional KK modes with exactly m = q = n/R. Unlike the W bosons in the
non-Abelian completion, the n = 1 KK graviton carries unit charge and would satisfy even
more refined versions of the electric WGC. This exemplifies a message of [22], that gravity
should ‘take care of itself’ – and, in this case, take care of everything!
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Of course, these are but two specific options for physics associated with the magnetic
WGC, and it would be valuable to explore a wider range of calculable possibilities. But
these examples suffice to illustrate several key points regarding the role played by the
magnetic version of the conjecture in any attempt to bound the weak scale. On one hand,
these examples demonstrate that new physics appearing at the magnetic WGC scale Λ
need not be identified with the scale ΛEFT characterizing UV contributions to the Higgs
potential. On the other hand, they highlight the possibility that such new physics trivializes
the bound on the weak scale coming from the electric WGC by introducing new super-
extremal particles. Whether this occurs depends both on the specific realization of the
magnetic conjecture and the precise form of its electric counterpart. Further exploration
of these subtleties is crucial to determining the viability of possible WGC bounds on the
weak scale.
3 Scale separation & the WGC with scalar fields
An alternative possibility is to separate the scale Λ implied by the magnetic version of the
conjecture from the bound on the super-extremal particle (and hence v) imposed by the
electric WGC. This would accomplish two things. First, it would protect the electric bound
on v from being trivialized by whatever physics enters at Λ, since new particles appearing
at Λ would now be unlikely to satisfy the electric bound. Second, it would enable the
magnetic WGC to be satisfied by a more violent modification of the theory (perhaps also
cutting off the Higgs potential at the same scale) without implying additional degrees of
freedom at the weak scale.
Such a separation is possible if the weak gravity conjecture with scalar fields (WGC+S)
holds [26], which in the simplest case implies that the mass of the WGC particle satisfies
(taking for simplicity q = 1, and again ignoring overall factors of
√
2)
m2 . (g2 − µ2)M2Pl , (3.1)
where µ is the dimensionless coupling of the WGC particle to a light (ideally massless)
scalar. The magnetic form of the WGC is unaltered, so if the WGC with scalar fields
holds then the scales implied by the electric and magnetic forms of the WGC can be
parametrically separated provided g2 − µ2 → 0 for finite g, µ. As emphasized in [13],
the separation between m and Λ implied by Eq.(3.1) suggests that the WGC can connect
parametrically separated scales, potentially overriding expectations from naturalness. Even
if the coincidence of g and µ in Eq.(3.1) results purely from a tuning of parameters, it
remains protected against radiative corrections.
Although explaining the coincidence between g and µ was somewhat beside the point
in [13], here we are interested in ensuring that the weak scale is not unduly sensitive to the
choice of technically natural parameters involved in the bound. This motivates an under-
lying mechanism relating g and µ, since otherwise we would find ∆g,µ ∝ Λ2/v2  m2/v2
in this scenario. There are several possibilities for generating the coincidence without fine-
tuning, including approximate N = 2 supersymmetry in the U(1)X sector or dynamics
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with a fixed point where g? ≈ µ?. However, whatever the underlying explanation – in-
cluding simple tuning of g ≈ µ – the parameters are technically natural and only run
logarithmically, so the physics behind the coincidence can lie in the far UV.
In what follows, we will assume there is some mechanism that ensures g ≈ µ in the
UV, and explore the extent to which the WGC+S can be used to separate the electric and
magnetic scales in the fermionic and scalar models presented in section 2. In this case, the
weak scale will be fixed not by the requirement m . gMPl, but by m .
√
g2 − µ2MPl.
Insofar as
√
g2 − µ2  g, this implies Λ ∼ gMPl lies well above the weak scale and makes it
unlikely for particles appearing at Λ to satisfy the stronger bound. In addition to separating
the mass m of the WGC particle from the scale Λ, the WGC+S allows the weak scale to
be stabilized by correspondingly larger values of g.
A proof of principle for stabilizing the mass of a scalar using the WGC+S was presented
in [13], including cases where the WGC particle is either the scalar itself or a fermion
acquiring mass from the vev of the scalar. Neither of the examples presented in [13] can
be directly applied to the Higgs, but the necessary modifications are straightforward. As
we will see, the additional fields required to connect a mass bound to the Higgs vev may
limit the degree to which the WGC+S can be used to significantly separate scales, but this
is still sufficient to protect against trivialization by the magnetic WGC.
3.1 Retrofitting the scalar model
To illustrate the potential to separate the electric and magnetic scales using the WGC+S,
we first consider the simple scalar toy model of [13]. This consists of a theory with gravity,
a U(1) gauge group with coupling g, a charged scalar h with charge q = 1 and mass mh, and
a neutral scalar ϕ with mass mϕ. The scalar fields are coupled by a super-renormalizable
coupling of the form
− L ⊃ 2mhµϕ|h|2 (3.2)
where µ is the dimensionless strength of the scalar coupling in units of mh, and g ≥ µ is
assumed. As mϕ → 0, the WGC+S implies
m2h . (g2 − µ2)M2Pl (3.3)
Several points bear emphasizing. First, the cubic coupling has been written in terms of mh,
which leads to scale separation for g ≈ µ. Ultimately this is just a choice of convention,
as different choices may be absorbed into the definition of µ, but it becomes relevant when
attempting to explain the coincidence g ≈ µ required for decoupling of the electric and
magnetic scales. While expressing the cubic coupling in terms of mh is sensible when h
obtains all of its mass from the vev of ϕ, the scale of the cubic coupling is more broadly
sensitive to the UV completion. For example, if the scale mh in Eq.(3.2) is replaced by
another scale ρ, the mass of the WGC particle must instead satisfy
m2h .
(
g2 − µ2eff
)
M2Pl (3.4)
where µeff = µρ/mh. Separating this scale from the scale implied by the magnetic WGC
would require a mechanism to generate the less obvious relation g ≈ µρ/mh.
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Second, although the WGC+S is strictly assumed to hold only when ϕ is massless,
the cubic coupling in Eq.(3.2) generates a radiative correction of order δmϕ ∼ µmh/4pi.
Ultimately, this may vacate the scalar modification of the WGC bound: the scalar force
now has finite range. Nonetheless, in [13] it was argued that it should still be expected
to hold provided mϕ  mh, in which case ϕ still gives rise to a long-range force on scales
relevant to the WGC particle; this is of similar spirit to arguments in favor of the electric
WGC in the presence of a small vector mass [44]. For sufficiently small mϕ, the correction
to the scalar-mediated force between two WGC particles at scales ∼ m−1h is of order
µ2 → µ2
(
1−O
(
mϕ
mh
))
, (3.5)
and one might hope the WGC+S still holds provided µ3  g2 − µ2  µ2. Of course, this
parametric relation is again sensitive to the natural size of the cubic coupling. Similarly,
if the scale mh in Eq.(3.2) is replaced by another scale ρ, then preserving the WGC+S
requires µ3eff  g2 − µ2eff  µ2eff .
Third, even if a UV completion ensures g ≈ µ, it is necessary to ensure that this
relationship is not spoiled by radiative corrections going into the infrared. As detailed in
[13], this requires g4  g2−µ2  g2 and µ4  g2−µ2  µ2, both of which may be readily
satisfied.
While it is tempting to use the above toy model to stabilize the weak scale by identifying
h → H, this would require H to be charged under the U(1) gauge group. Preserving a
WGC bound on H consistent with electroweak symmetry breaking and couplings to SM
fermions is quite challenging, and instead motivates retrofitting the scalar model presented
in section 2.2. In addition to the scalar Φ charged under a U(1)X gauge group, we add a
light scalar ϕ with a super-renormalizable coupling to Φ:
− L ⊃ m2|Φ|2 + λ|Φ|4 + κ|Φ|2|H|2 + 2µρϕ|Φ|2 . (3.6)
Here we have written the ϕ-Φ coupling in terms of a dimensionless parameter µ and a
dimensionful scale ρ, whose size we do not assume in advance. Radiative corrections will
also generate a coupling between ϕ and |H|2, but this is naturally small enough to avoid
interfering with the mechanism.
The WGC with scalars in this case requires that Φ satisfy the bound
m2Φ .
(
g2 − µ2 ρ
2
m2Φ
)
M2Pl , (3.7)
and thus one might hope to separate the electric and magnetic scales with a mechanism that
ensures g2 ≈ µ2ρ2/m2Φ. However, it bears emphasizing that the additional contribution to
mΦ from electroweak symmetry breaking makes understanding the separation of electric
and magnetic scales in this case more challenging than in the toy model of [13]. Even if
the UV completion sets ρ = m and µ = g (perhaps the most one could hope for in the
UV from an underlying mechanism), the contribution to mΦ from the Higgs vev makes it
difficult to send g2−µ2ρ2/m2Φ → 0 without rendering the weak scale sensitive to underlying
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parameters at the level of ∆ ∼ m2Φ/κv2  1. Although significant scale separation does
not seem possible without tuning, separation of any amount is radiatively stable and could
be sufficient to prevent particles associated with the magnetic WGC from trivializing the
bound on the weak scale.
3.2 Retrofitting the fermionic model
A fermionic toy model was also presented in [13], consisting of a theory with gravity, a
U(1) gauge group with coupling g, a charged Dirac fermion ψ with charge q = 1 and mass
mψ, and a neutral scalar ϕ with mass mϕ and Yukawa coupling
− L ⊃ µϕψψ¯ (3.8)
In this case there is no ambiguity regarding the strength of the Yukawa coupling, and the
WGC+S requires m2ψ . (g2 − µ2)M2Pl. To bound a scalar mass in this example, [13] then
set mψ = 0 and introduce a neutral scalar h of mass mh coupling to the Dirac fermion via
− L ⊃ µhhψψ¯ (3.9)
The mass of the fermion arises entirely from the vacuum expectation value of h, bounding
the scalar mass. Preserving g ≈ µ requires g4  g2 − µ2  g2 and µ4  g2 − µ2  µ2
as in the scalar toy model, as well as µ2µ4h  g2 − µ2  µ2. Although not noted in [13],
radiative corrections induce a mass for ϕ at one loop of the form
δm2ϕ ∼
µ2Λ2EFT
16pi2
, (3.10)
where we assume ΛEFT can also be identified with the cutoff of the ϕ potential. In contrast
to the scalar toy model, this mass correction is UV sensitive. The ultimate sign of m2ϕ is
unimportant, as 〈ϕ〉  mψ provided ΛEFT  MPl, and the WGC+S should still apply to
the radial mode of ϕ if it acquires a vev. Even so, ensuring that the Yukawa force is not
significantly modified at separations of order m−1ψ requires
µΛEFT
4pi
 mψ . (3.11)
Given that µ  1, the above inequality can be satisfied if ΛEFT ∼ Λ. Finally, radiative
corrections induce a linear mixing between ϕ and h, but this can be rendered innocuous if
µh is sufficiently small.
As before, this toy model cannot be applied directly to the weak scale, in this case
due to the gauge quantum numbers of H, but again it may be suitably generalized to
the models in section 2. One might initially be tempted to retrofit the U(1)B−L model of
section 2.1 to leverage the WGC+S, but this is a non-starter. While the WGC with scalars
could be used to separate neutrino masses from the magnetic WGC scale, experimental
bounds on the U(1)B−L coupling still force gMPl . 1 keV, and all the problems discussed
in section 2.1 remain. A related option would be to gauge other symmetries of the SM with
weaker constraints, such as non-universal family symmetries, which have received increased
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attention in recent years in light of flavor anomalies (see e.g. [45]). For example, one could
consider gauging Lµ − Lτ number [46, 47], under which the lightest SM neutrino is the
lightest charged state. Much weaker bounds on the gauge coupling in this case mean that
the WGC with scalars could be used to raise the magnetic WGC scale to the weak scale or
above while keeping neutrino masses fixed around an eV. However, in all of these scenarios,
the force-carrier ϕ must be charged under either the SM or the new gauge symmetry. The
former option is highly constrained, while for the latter option the force-carrier is itself a
light super-extremal particle (albeit one carrying twice the charge of the neutrinos, making
the fate of the weak scale potentially subject to the same subtleties discussed in section
2.4).
More promisingly, the fermionic model presented in section 2.3 can be simply retrofitted
to leverage the WGC+S. In addition to the vector-like fermions L,Lc, N,N c charged under
a U(1)X gauge group, we add a light scalar ϕ with appropriate Yukawa couplings:
−L ⊃
{
(mL + µ˜ϕ)LL
c + (mN + µϕ)NN
c + yH†LN c + y˜HLcN
}
+ h.c. (3.12)
The various couplings in Eq.(3.12) give rise to radiative corrections that might im-
peril g ≈ µ and m2ϕ ∼ 0. At one loop, the U(1)X coupling runs proportional to itself,
δg ∼ g3/16pi2, which is innocuous provided g2 .
√
g2 − µ2  g – clearly the case for
the infinitesimal values of g of interest. At the same loop order, the Yukawa coupling µ
accumulates various contributions:
1. Running proportional to itself, δµ ∼ µ3/16pi2, which is innocuous provided µ2 .√
g2 − µ2  µ.
2. Running proportional to µ and g2, δµ ∼ µg2/16pi2, which is innocuous provided
g2 .
√
g2 − µ2  g.
3. Running proportional to µ˜ and y, y˜, δµ ∼ µ˜yy˜/16pi2, which is innocuous provided
yy˜µ˜/µ .
√
g2 − µ2  µ.
While the first two conditions are easily satisfied, this last requirement is in some tension
with the preference for large y, y˜ discussed in section 2.3 but may be ameliorated by taking
µ˜ small. Of course, µ˜ may not be made arbitrarily small without tuning since it is generated
at one loop proportional to yy˜µ, but this hierachy alone is sufficient to avoid spoiling g ≈ µ.
In addition, radiative corrections induce a mass for ϕ at one loop of the form
δm2ϕ = −
(
2µ˜2 + µ2
) Λ2EFT
8pi2
. (3.13)
Insofar as µ, µ˜ ∼ g  1, we can easily preserve mϕ  mχ1 if, e.g. ΛEFT ∼ Λ. In this case,
assuming the inequalities required to preserve g ∼ µ are satisfied and mϕ is of the same
order as its radiative corrections, we have
mϕ  mχ1  Λ . (3.14)
However, as in the scalar example, there is an important complication arising from the
contribution to the fermion masses from electroweak symmetry breaking. After electroweak
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symmetry breaking, the Yukawa coupling of the lightest fermion mass eigenstate to ϕ
depends on mixing angles. If a dynamical mechanism sets g = µ in the UV, this could
be spoiled by mixing effects in the IR that imbue the lightest fermion mass eigenstate
with a significantly different Yukawa coupling. Perhaps the best-case scenario corresponds
to the limit |mL − mN |  yv, in which case the lightest mass eigenstate is primarily
composed of N,N c. The mixing angle in this limit is proportional to |yv|/mL, and for
∆ ∼ 1 this corresponds to a minimum fractional shift of order √mN/mL ∼ y/4pi. Thus
if a UV mechanism sets µ = g, the fractional shift in the Yukawa coupling to the lightest
mass eigenstate suggests that the WGC+S can separate mχ1 and Λ without tuning in this
example by
mχ1
Λ
& y
4pi
. (3.15)
While modest, this separation is can still suffice to protect the bound on the weak scale
from being trivialized by states associated with the magnetic WGC.
4 Phenomenology
As we have seen, although the WGC appears to circumvent EFT expectations, its appli-
cation to the hierarchy problem nonetheless shares features common to more conventional
approaches: new particles at or below the weak scale that couple to the Higgs. This leads to
fairly sharp experimental targets for probing the WGC’s role in bounding the Higgs mass.
In both the scalar and fermionic models introduced in section 2, the dominant signatures
are those of the Higgs portal, leading to constraints from invisible Higgs decays for mΦ,
mχ1 < mh/2 and radiative corrections over a wider range of masses.
The application of the WGC to the weak scale shares another feature of more con-
ventional approaches to the hierarchy problem: a stabilization symmetry (in this case, the
new U(1) itself) that furnishes potential DM candidates. As with more conventional ap-
proaches such as supersymmetry, the motivated parameter space of these models can be
further shaped by requiring viable DM. Since the lightest particle charged under an unbro-
ken gauge symmetry is guaranteed to be stable, the most attractive possibility is that the
super-extremal state itself accounts for the observed DM relic density. Although the details
of this “super-extremal DM” scenario depend on the specific model under consideration,
we identify some universal features. Specifically, if the DM particle saturates the WGC
bound, then the DM behaves as a collisionless plasma, with collective effects dominating
over nearest-neighbour interactions. On very large scales, plasma instabilities can lead to
dissipative dynamics, with potentially observable consequences.
In section 4.1 we explore the Higgs portal signatures of the scalar and fermion models
introduced in 2.2 and 2.3, respectively, while in sections 4.2 and 4.3 we discuss the details
of DM that approximately saturates the WGC bound in the context of each model. In 4.4
we estimate the timescales and distances over which the DM plasma effectively behaves as
collisional if instabilities can grow, and show that such collective effects may affect the DM
distribution in the context of galaxy cluster collisions.
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4.1 Collider signals
Given that connecting weak gravity to the weak scale seems to require new (light) parti-
cles coupling to the Higgs, signatures associated with the Higgs provide the most direct
avenues for discovery at colliders. Although cosmological considerations may further shape
the viable parameter space, they may be obviated by competing effects in the early universe
(e.g. low reheating temperatures, late decays, or other phenomena altering standard expec-
tations for relic abundances). As such, we will explore the collider phenomenology without
reference to potential cosmological constraints, reserving those for subsequent consideration
in sections 4.2 and 4.3.
Scalar model
The primary signatures of the scalar model presented in section 2.2 are those of the Z2-
symmetric Higgs portal [48–50]. At present, Higgs decays h → ΦΦ∗ (when kinematically
accessible) provide the most promising collider probe of this scenario, though radiative
corrections to Higgs properties and off-shell production of ΦΦ∗ via the Higgs portal are
likely to be relevant at proposed future colliders. The left panel of Figure 1 shows the region
of parameter space in terms of κ and mΦ that is ruled out by the current upper bound of
20% on the invisible branching fraction of the Higgs [51–56]. As indicated, attainment of
1% sensitivity in the future [57] would significantly extend coverage.
For mΦ > mh/2, Φ may be pair-produced via an off-shell Higgs, though prospects for
discovery in this channel at the LHC and future colliders are fairly modest [58]. Perhaps
the most promising avenue for probing mΦ > mh/2 is via radiative corrections to Higgs
properties, which can be most strongly constrained by a precision measurement of the
e+e− → hZ cross section at future lepton colliders [59, 60]. The potential reach of a 1%
measurement of the fractional shift δσhZ is also shown in the left panel of Figure 1. The
combination of percent-level sensitivity to both Higgs invisible decays and the hZ cross
section would cover much of the motivated parameter space for mΦ & 5 GeV.
Fermionic model
Collider signatures of the fermionic model presented in section 2.3 are primarily those of
Dirac singlet-doublet DM [61–63]. The most promising signatures ultimately depend on the
value of the doublet mass parameter mL, as direct searches at colliders are sensitive to new
vector-like doublet fermions below the TeV scale. While the full range of phenomenology
depends in detail on the underlying parameters mN ,mL, and y, for the sake of illustration
we will focus here on the limit v,mN  mL. In this limit, the heavy doublet fermion
can be integrated out, leaving a singlet-like Dirac fermion coupled to the Higgs. The
phenomenology can be characterized in terms of just two parameters (mN and mL/y
2),
while the dominant constraints come from precision electroweak bounds and Higgs invisible
decays.
The strongest constraint comes from invisible Higgs decays. The right panel of Figure
1 shows the region of parameter space (in the limit v,mN  mL) in terms of mχ1 and the
dimensionless combination y2v/mL that is ruled out by the current upper bound of 20%
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<latexit sha1_base64="dpA0WYHHYGwx4C jUxQ370TK7yD4=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoOQU9iNgl6EgB48RjAPTJYwO5 lNhszOLjO9Qgj5Cy8eFPHq33jzb5wke9DEgoaiqpvuriCRwqDrfju5tfWNza38dmFnd2// oHh41DRxqhlvsFjGuh1Qw6VQvIECJW8nmtMokLwVjG5mfuuJayNi9YDjhPsRHSgRCkbRSo /dWy6Rkmvi9Yolt+LOQVaJl5ESZKj3il/dfszSiCtkkhrT8dwE/QnVKJjk00I3NTyhbEQH vGOpohE3/mR+8ZScWaVPwljbUkjm6u+JCY2MGUeB7YwoDs2yNxP/8zophlf+RKgkRa7YYl GYSoIxmb1P+kJzhnJsCWVa2FsJG1JNGdqQCjYEb/nlVdKsVrzzSvX+olQrZ3Hk4QROoQwe XEIN7qAODWCg4Ble4c0xzovz7nwsWnNONnMMf+B8/gD/pY+8</latexit>
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<latexit sha1_base64="RnaWy5Et3u5LGW eVNaoBdKZV7nA=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBahp5JUQS9CQQ8eK9haSEPZbD ft0s0m7E6EUvozvHhQxKu/xpv/xm2bg7Y+GHi8N8PMvDCVwqDrfjuFtfWNza3idmlnd2// oHx41DZJphlvsUQmuhNSw6VQvIUCJe+kmtM4lPwxHN3M/Mcnro1I1AOOUx7EdKBEJBhFK/ ndWy6Rkmviub1yxa25c5BV4uWkAjmavfJXt5+wLOYKmaTG+J6bYjChGgWTfFrqZoanlI3o gPuWKhpzE0zmJ0/JmVX6JEq0LYVkrv6emNDYmHEc2s6Y4tAsezPxP8/PMLoKJkKlGXLFFo uiTBJMyOx/0heaM5RjSyjTwt5K2JBqytCmVLIheMsvr5J2vead1+r3F5VGNY+jCCdwClXw 4BIacAdNaAGDBJ7hFd4cdF6cd+dj0Vpw8plj+APn8wdwXo/2</latexit>
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<latexit sha1_base64="WZv5llETuRM2rlPJeg4vQTYvU0w=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoOQi2FXBXMRAl48RjAPSNYwO+kkQ 2Znl5lZISz5DS8eFPHqz3jzb5wke9DEgoaiqpvuriAWXBvX/XZya+sbm1v57cLO7t7+QfHwqKmjRDFssEhEqh1QjYJLbBhuBLZjhTQMBLaC8e3Mbz2h0jySD2YSox/SoeQDzqixUndIbojnPqbnXnXaK5bcijsHWSVeRkqQod4rfnX7EUtClIYJqnXHc2Pjp1QZzgROC91EY0zZmA6xY6mkIWo /nd88JWdW6ZNBpGxJQ+bq74mUhlpPwsB2htSM9LI3E//zOokZVP2UyzgxKNli0SARxERkFgDpc4XMiIkllClubyVsRBVlxsZUsCF4yy+vkuZFxbusuPdXpVo5iyMPJ3AKZfDgGmpwB3VoAIMYnuEV3pzEeXHenY9Fa87JZo7hD5zPH6Y1kAs=</latexit>

<latexit  sha1_base64="Gq JT0TXsn7jt+9e4Iu Avh9UoCRM=">AAAB 7XicbVDLSgNBEOz1 GeMr6tHLYBByCrsq 6DHgxWME84BkCb2T 2WTM7M4wMyuEkH/w 4kERr/6PN//GSbIH TSxoKKq66e6KlOD G+v63t7a+sbm1Xdg p7u7tHxyWjo6bRma asgaVQup2hIYJnrK G5VawttIMk0iwVjS 6nfmtJ6YNl+mDHSs WJjhIecwpWic1uyN UCnulsl/15yCrJMh JGXLUe6Wvbl/SLGG ppQKN6QS+suEEte VUsGmxmxmmkI5wwD qOppgwE07m107JuV P6JJbaVWrJXP09Mc HEmHESuc4E7dAsez PxP6+T2fgmnPBUZZ aldLEozgSxksxeJ3 2uGbVi7AhSzd2thA 5RI7UuoKILIVh+eZ U0L6rBZdW/vyrXKn kcBTiFM6hAANdQg zuoQwMoPMIzvMKbJ 70X7937WLSuefnMC fyB9/kDjwSPBw==< /latexit>
v / GeV
<latexit sha1_base64="0tigqW7jUN MQRr6dcjWXxGvMW9k=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSxCTzVRQY8FD3qs YD+gCWWz3bRLd5Owu6mU2J/ixYMiXv0l3vw3btsctPXBwOO9GWbmBQlnSjvOt1V YW9/Y3Cpul3Z29/YP7PJhS8WpJLRJYh7LToAV5SyiTc00p51EUiwCTtvB6Gbmt8d UKhZHD3qSUF/gQcRCRrA2Us8uj5GHzkxlnhTolramPbvi1Jw50Cpxc1KBHI2e/eX 1Y5IKGmnCsVJd10m0n2GpGeF0WvJSRRNMRnhAu4ZGWFDlZ/PTp+jUKH0UxtJUpN Fc/T2RYaHURASmU2A9VMveTPzP66Y6vPYzFiWpphFZLApTjnSMZjmgPpOUaD4xBB PJzK2IDLHERJu0SiYEd/nlVdI6r7kXNef+slKv5nEU4RhOoAouXEEd7qABTSDwC M/wCm/Wk/VivVsfi9aClc8cwR9Ynz/2hJJv</latexit>
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<latexit sha1_base64="Slt8K6huUGCSnViUrckVen5Ri+A=">AAACAXicbVBNS8NAEJ34WetX1IvgZbEIPYVEBb0IBQ96rGA/oAlhs922S 3eTsLsRSqgX/4oXD4p49V9489+4bXPQ1gcDj/dmmJkXpZwp7brf1tLyyuraemmjvLm1vbNr7+03VZJJQhsk4YlsR1hRzmLa0Exz2k4lxSLitBUNryd+64FKxZL4Xo9SGgjcj1mPEayNFNqHIvTrA4aukOt4yEe5LwW6oc1xaFdcx50CLRKvIBUoUA/tL7+bkEzQWBOOlep4bqqDHEvNCKfjsp8 pmmIyxH3aMTTGgqogn34wRidG6aJeIk3FGk3V3xM5FkqNRGQ6BdYDNe9NxP+8TqZ7l0HO4jTTNCazRb2MI52gSRyoyyQlmo8MwUQycysiAywx0Sa0sgnBm395kTRPHe/Mce/OK7VqEUcJjuAYquDBBdTgFurQAAKP8Ayv8GY9WS/Wu/Uxa12yipkD+APr8wdND5TJ</latexit>
10 12
<latexit sha1_ba se64="MHVDhhYCju6nJGvCLm7QVgi5CA Y=">AAAB73icbVDLSgNBEOyNrxhfUY9e BoOQi2E3CnoMePEYwTwgWcPspJMMmZ1d Z2aFsOQnvHhQxKu/482/cZLsQRMLGoqq brq7glhwbVz328mtrW9sbuW3Czu7e/s HxcOjpo4SxbDBIhGpdkA1Ci6xYbgR2I4 V0jAQ2ArGNzO/9YRK80jem0mMfkiHkg8 4o8ZKbc99SM+96rRXLLkVdw6ySryMlCB DvVf86vYjloQoDRNU647nxsZPqTKcCZ wWuonGmLIxHWLHUklD1H46v3dKzqzSJ4 NI2ZKGzNXfEykNtZ6Ege0MqRnpZW8m/u d1EjO49lMu48SgZItFg0QQE5HZ86TPFT IjJpZQpri9lbARVZQZG1HBhuAtv7xKmt WKd1Fx7y5LtXIWRx5O4BTK4MEV1OAW6 tAABgKe4RXenEfnxXl3PhatOSebOYY/c D5/AKbDjvk=</latexit>
10 11
<latexit sha1_ba se64="vyjkbddy18vBTXdCNFGDay0LDg I=">AAAB73icbVBNSwMxEJ31s9avqkcv wSL0YklU0GPBi8cK9gPatWTTbBuaza5J VihL/4QXD4p49e9489+YtnvQ1gcDj/dm mJkXJFIYi/G3t7K6tr6xWdgqbu/s7u2 XDg6bJk414w0Wy1i3A2q4FIo3rLCStxP NaRRI3gpGN1O/9cS1EbG6t+OE+xEdKBE KRq2T2gQ/ZGeETHqlMq7iGdAyITkpQ45 6r/TV7ccsjbiyTFJjOgQn1s+otoJJPi l2U8MTykZ0wDuOKhpx42ezeyfo1Cl9FM balbJopv6eyGhkzDgKXGdE7dAselPxP6 +T2vDaz4RKUssVmy8KU4lsjKbPo77QnF k5doQyLdytiA2ppsy6iIouBLL48jJpnl fJRRXfXZZrlTyOAhzDCVSAwBXU4Bbq0 AAGEp7hFd68R+/Fe/c+5q0rXj5zBH/gf f4ApT6O+A==</latexit>
10 10
<latexit sha1_ba se64="qV7kRSCtBnboUlAA2AynCCmFYY E=">AAAB73icbVBNSwMxEJ31s9avqkcv wSL0YsmqoMeCF48V7Ae0a8mm2TY0m6xJ VihL/4QXD4p49e9489+YtnvQ1gcDj/dm mJkXJoIbi/G3t7K6tr6xWdgqbu/s7u2 XDg6bRqWasgZVQul2SAwTXLKG5VawdqI ZiUPBWuHoZuq3npg2XMl7O05YEJOB5BG nxDqp7eOH7MzHk16pjKt4BrRM/JyUIUe 9V/rq9hVNYyYtFcSYjo8TG2REW04Fmx S7qWEJoSMyYB1HJYmZCbLZvRN06pQ+ip R2JS2aqb8nMhIbM45D1xkTOzSL3lT8z+ ukNroOMi6T1DJJ54uiVCCr0PR51OeaUS vGjhCqubsV0SHRhFoXUdGF4C++vEya51 X/oorvLsu1Sh5HAY7hBCrgwxXU4Bbq0 AAKAp7hFd68R+/Fe/c+5q0rXj5zBH/gf f4Ao7mO9w==</latexit>
10 9
<latexit sha1_ba se64="+U02nfi/o2dXbJ6ewyMUcopWy8 c=">AAAB7nicbVBNS8NAEJ34WetX1aOX xSL0YklUUG8FLx4r2A9oY9lsN+3SzSbs ToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3 w8y8IJHCoOt+Oyura+sbm4Wt4vbO7t5 +6eCwaeJUM95gsYx1O6CGS6F4AwVK3k4 0p1EgeSsY3U791hPXRsTqAccJ9yM6UCI UjKKVWp77mJ3dTHqlslt1ZyDLxMtJGXL Ue6Wvbj9macQVMkmN6Xhugn5GNQom+a TYTQ1PKBvRAe9YqmjEjZ/Nzp2QU6v0SR hrWwrJTP09kdHImHEU2M6I4tAselPxP6 +TYnjtZ0IlKXLF5ovCVBKMyfR30heaM5 RjSyjTwt5K2JBqytAmVLQheIsvL5Pmed W7qLr3l+VaJY+jAMdwAhXw4ApqcAd1a ACDETzDK7w5ifPivDsf89YVJ585gj9wP n8AQGmOxQ==</latexit>
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<latexit sha1_base64="XX2QloQWTL9qvnDhN3Y/JJNOFtM=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBByMexGQS9CwIvHCOaByRpmJ51ky OzsMjMrhCV/4cWDIl79G2/+jZNkD5pY0FBUddPdFcSCa+O6387K6tr6xmZuK7+9s7u3Xzg4bOgoUQzrLBKRagVUo+AS64Ybga1YIQ0Dgc1gdDP1m0+oNI/kvRnH6Id0IHmfM2qs9DC49tzH9KziTbqFolt2ZyDLxMtIETLUuoWvTi9iSYjSMEG1bntubPyUKsOZwEm+k2iMKRvRAbYtlTRE7ae ziyfk1Co90o+ULWnITP09kdJQ63EY2M6QmqFe9Kbif147Mf0rP+UyTgxKNl/UTwQxEZm+T3pcITNibAllittbCRtSRZmxIeVtCN7iy8ukUSl752X37qJYLWVx5OAYTqAEHlxCFW6hBnVgIOEZXuHN0c6L8+58zFtXnGzmCP7A+fwB7tCPsQ==</latexit>
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<latexit sha1_base64="BVZncUQl4ISRk6qrH22nmm4QmsA=">AAA CBXicbVDLSsNAFJ3UV62vqEtdDBahG0uiBd0IBRe6rGAf0MQwmU7boTOTMDMRSsjGjb/ixoUibv0Hd/6N0zYLbT1w4XDOvdx7TxgzqrTjfFuF peWV1bXiemljc2t7x97da6kokZg0ccQi2QmRIowK0tRUM9KJJUE8ZKQdjq4mfvuBSEUjcafHMfE5GgjapxhpIwX2IQ+8xpDCS+g69+lJLYMe TD3J4TVpZYFddqrOFHCRuDkpgxyNwP7yehFOOBEaM6RU13Vi7adIaooZyUpeokiM8AgNSNdQgThRfjr9IoPHRunBfiRNCQ2n6u+JFHGlxjw0n RzpoZr3JuJ/XjfR/Qs/pSJONBF4tqifMKgjOIkE9qgkWLOxIQhLam6FeIgkwtoEVzIhuPMvL5LWadU9qzq3tXK9ksdRBAfgCFSAC85BHdyABm gCDB7BM3gFb9aT9WK9Wx+z1oKVz+yDP7A+fwBYM5Z6</latexit>
103
<latexit sha1_base64="XQSAMhFane uZBxfxz+jTVxJtjsY=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahp5JYQY8FLx4r 2A9oY9lsN+3S3U3Y3Qgl9C948aCIV/+QN/+NmzQHbX0w8Hhvhpl5QcyZNq777ZQ 2Nre2d8q7lb39g8Oj6vFJV0eJIrRDIh6pfoA15UzSjmGG036sKBYBp71gdpv5vSe qNIvkg5nH1Bd4IlnICDaZ5LmPzVG15jbcHGideAWpQYH2qPo1HEckEVQawrHWA8+ NjZ9iZRjhdFEZJprGmMzwhA4slVhQ7af5rQt0YZUxCiNlSxqUq78nUiy0novAdg pspnrVy8T/vEFiwhs/ZTJODJVkuShMODIRyh5HY6YoMXxuCSaK2VsRmWKFibHxVG wI3urL66R72fCaDff+qtaqF3GU4QzOoQ4eXEML7qANHSAwhWd4hTdHOC/Ou/Oxb C05xcwp/IHz+QMIGo18</latexit>
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<latexit sha1_ba se64="bCHy+ZL2N4TOdFEy8ijjT7HkmQ 8=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69 LBahp5JoQY8FLx6r2A9oQ9lsN+3SzSbs ToQS+g+8eFDEq//Im//GbZuDtj4YeLw3 w8y8IJHCoOt+O4WNza3tneJuaW//4PC ofHzSNnGqGW+xWMa6G1DDpVC8hQIl7ya a0yiQvBNMbud+54lrI2L1iNOE+xEdKRE KRtFKD547KFfcmrsAWSdeTiqQozkof/W HMUsjrpBJakzPcxP0M6pRMMlnpX5qeE LZhI54z1JFI278bHHpjFxYZUjCWNtSSB bq74mMRsZMo8B2RhTHZtWbi/95vRTDGz 8TKkmRK7ZcFKaSYEzmb5Oh0JyhnFpCmR b2VsLGVFOGNpySDcFbfXmdtC9r3lXNva 9XGtU8jiKcwTlUwYNraMAdNKEFDEJ4h ld4cybOi/PufCxbC04+cwp/4Hz+AOFKj Nc=</latexit> 105
<latexit sha1_base64="zRu0VO6QXt tO+U/nNO/sq8pEotI=">AAAB63icbVDLSsNAFL2pr1pfVZduBovQVUl8oMuCG5cV 7APaWCbTSTt0ZhJmJkIJ/QU3LhRx6w+582+cpFlo64ELh3Pu5d57gpgzbVz32ym trW9sbpW3Kzu7e/sH1cOjjo4SRWibRDxSvQBrypmkbcMMp71YUSwCTrvB9Dbzu09 UaRbJBzOLqS/wWLKQEWwyyXMfr4bVmttwc6BV4hWkBgVaw+rXYBSRRFBpCMda9z0 3Nn6KlWGE03llkGgaYzLFY9q3VGJBtZ/mt87RmVVGKIyULWlQrv6eSLHQeiYC2y mwmehlLxP/8/qJCW/8lMk4MVSSxaIw4chEKHscjZiixPCZJZgoZm9FZIIVJsbGU7 EheMsvr5LOecO7aLj3l7VmvYijDCdwCnXw4BqacActaAOBCTzDK7w5wnlx3p2PR WvJKWaO4Q+czx8LIo1+</latexit>
10 1
<latexit sha1_ba se64="QlUBliBUo7Hns44xkOin65ljMY A=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69 LBahF0uigh4LXjxWsB/QxrLZTtqlm03Y 3Qgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhv hpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2 D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQ KaRQIbAfj25nffkKleSwfzCRBP6JDyUP OqLFS23Mfs3Nv2i9X3Jo7B1klXk4qkKP RL3/1BjFLI5SGCap113MT42dUGc4ETk u9VGNC2ZgOsWuppBFqP5ufOyVnVhmQMF a2pCFz9fdERiOtJ1FgOyNqRnrZm4n/ed 3UhDd+xmWSGpRssShMBTExmf1OBlwhM2 JiCWWK21sJG1FFmbEJlWwI3vLLq6R1Uf Mua+79VaVezeMowgmcQhU8uIY63EEDm sBgDM/wCm9O4rw4787HorXg5DPH8AfO5 w80QY69</latexit>
107
<latexit sha1_base64="gtRPyX+QQt ZaNzO2ihHqaZUp4hQ=">AAAB7XicbVBNSwMxEJ31s9avqkcvwSL0VLIq1GPBi8cK 9gPatWTTbBubTZYkK5Sl/8GLB0W8+n+8+W9M2z1o64OBx3szzMwLE8GNxfjbW1v f2NzaLuwUd/f2Dw5LR8cto1JNWZMqoXQnJIYJLlnTcitYJ9GMxKFg7XB8M/PbT0w bruS9nSQsiMlQ8ohTYp3U8vFDVpv2S2VcxXOgVeLnpAw5Gv3SV2+gaBozaakgxnR 9nNggI9pyKti02EsNSwgdkyHrOipJzEyQza+donOnDFCktCtp0Vz9PZGR2JhJHL rOmNiRWfZm4n9eN7XRdZBxmaSWSbpYFKUCWYVmr6MB14xaMXGEUM3drYiOiCbUuo CKLgR/+eVV0rqo+pdVfHdVrlfyOApwCmdQAR9qUIdbaEATKDzCM7zCm6e8F+/d+ 1i0rnn5zAn8gff5A9Kajow=</latexit>

<lat exit sha 1_base64 ="zqrFs4 s3yWxXrF tmCu/VhT bICFA="> AAAB7Xic bVBNSwMx EM3Wr1q/ qh69BIvQ U9mtgh4L XjxWsB/Q LmU2zbax 2SQkWaEs /Q9ePCji 1f/jzX9j 2u5BWx8M PN6bYWZe pDgz1ve /vcLG5tb 2TnG3tLd /cHhUPj5 pG5lqQlt Ecqm7ERj KmaAtyyy nXaUpJBG nnWhyO/c 7T1QbJsW DnSoaJjA SLGYErJP a/QkoBYN yxa/5C+B 1EuSkgnI 0B+Wv/lC SNKHCEg7 G9AJf2TA DbRnhdF bqp4YqIB MY0Z6jAh Jqwmxx7Q xfOGWIY6 ldCYsX6u +JDBJjpk nkOhOwY7 PqzcX/vF 5q45swY0 KllgqyXB SnHFuJ56 /jIdOUWD 51BIhm7l ZMxqCBWB dQyYUQrL 68Ttr1Wn BZq99fVR rVPI4iO kPnqIoCd I0a6A41U QsR9Iie0 St686T34 r17H8vWg pfPnKI/8 D5/AI+oj wk=</lat exit>
10 1
<latexit  sha1_base64="yl VlmApPfOQXRCJpvb N+JsRcMvI=">AAAB 7nicbVBNS8NAEJ34 WetX1aOXxSL0Ykmq oMeCF48V7Ae0sWy2 k3bpZhN2N0IJ/RFe PCji1d/jzX/jts1B Wx8MPN6bYWZekAi ujet+O2vrG5tb24W d4u7e/sFh6ei4peN UMWyyWMSqE1CNgkt sGm4EdhKFNAoEtoP x7cxvP6HSPJYPZpK gH9Gh5CFn1Fip7bm P2YU37ZfKbtWdg6w SLydlyNHol756g5i lEUrDBNW667mJ8T OqDGcCp8VeqjGhbE yH2LVU0gi1n83PnZ JzqwxIGCtb0pC5+n sio5HWkyiwnRE1I7 3szcT/vG5qwhs/4z JJDUq2WBSmgpiYzH 4nA66QGTGxhDLF7a 2EjaiizNiEijYEb/ nlVdKqVb3Lau3+ql yv5HEU4BTOoAIeX EMd7qABTWAwhmd4h TcncV6cd+dj0brm5 DMn8AfO5w805Y6/< /latexit>
1
<latexit sha1_ba se64="McQFas8wOj11Bzy/wlQx4pKQ6d M=">AAAB6HicbVBNS8NAEJ34WetX1aOX xSL0VJIq6LHgxWML9gPaUDbbSbt2swm7 G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/N MDMvSATXxnW/nY3Nre2d3cJecf/g8Oi 4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4l CGgUCO8Hkbu53nlBpHssHM03Qj+hI8pA zaqzU9Aalslt1FyDrxMtJGXI0BqWv/jB maYTSMEG17nluYvyMKsOZwFmxn2pMKJ vQEfYslTRC7WeLQ2fk0ipDEsbKljRkof 6eyGik9TQKbGdEzVivenPxP6+XmvDWz7 hMUoOSLReFqSAmJvOvyZArZEZMLaFMcX srYWOqKDM2m6INwVt9eZ20a1XvqlprXp frlTyOApzDBVTAgxuowz00oAUMEJ7hF d6cR+fFeXc+lq0bTj5zBn/gfP4AdBmMn w==</latexit>
10
<latexit sha1_ba se64="zXq+ULxML0ptU2NbNqs00lKrPG s=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69 LBahp5JUQY8FLx6r2A9oQ9lsN+3SzSbs ToQS+g+8eFDEq//Im//GbZuDtj4YeLw3 w8y8IJHCoOt+O4WNza3tneJuaW//4PC ofHzSNnGqGW+xWMa6G1DDpVC8hQIl7ya a0yiQvBNMbud+54lrI2L1iNOE+xEdKRE KRtFKD547KFfcmrsAWSdeTiqQozkof/W HMUsjrpBJakzPcxP0M6pRMMlnpX5qeE LZhI54z1JFI278bHHpjFxYZUjCWNtSSB bq74mMRsZMo8B2RhTHZtWbi/95vRTDGz 8TKkmRK7ZcFKaSYEzmb5Oh0JyhnFpCmR b2VsLGVFOGNpySDcFbfXmdtOs177JWv7 +qNKp5HEU4g3OoggfX0IA7aEILGITwD K/w5kycF+fd+Vi2Fpx85hT+wPn8AeHuj Nk=</latexit> 102
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Figure 1: (a) Constraints on the parameter space of the scalar model as a function of
mΦ and κ coming from the current upper bound BR(h→ invisible) < 20% (dark blue), as
well as the BR(h→ invisible) < 1% region that will be accessible in the near future (light
blue). The light green region denotes the parameter space accessible by a percent-level
measurement of the hZ cross section achievable at future lepton colliders. The dashed lines
correspond to ∆ = 1, 10. (b) Constraints on the parameter space of the fermionic model
as a function of mχ1 and y
2v/mL in the limit mN , v  mL coming from the current upper
bound BR(h→ invisible) < 20% (dark blue), as well as the BR(h→ invisible) < 1% region
that will be accessible in the near future (light blue). The dark green region denotes the 2σ
exclusion from current bounds on the T parameter, while the light green region denotes the
potential exclusion from bounds on the T parameter achievable at future lepton colliders.
The dashed lines correspond to ∆ = 1, 10.
on the invisible branching fraction of the Higgs, as well as the region that would be probed
by a percent-level measurement of the same channel.
Prospects for discovering pair production of χ1 via an off-shell Higgs for mχ1 > mh/2
are no better than in the scalar model. While radiative corrections to Higgs couplings
from the light singlet-like fermion are promising, a stronger limit arises from precision elec-
troweak constraints [62]. For large y where precision electroweak constraints are relevant,
contributions to T are enhanced over contributions to S by a relative factor of y2/e2, and
so we focus on the former for simplicity. Current limits on the T parameter in the limit
v,mN  mL are shown in the right panel of Figure 1, as well as the potential reach of
improved precision electroweak measurements at proposed lepton colliders [62]. Much like
in the scalar case, the combination of percent-level sensitivity to Higgs invisible decays and
improved precision electroweak measurements attainable at a future lepton collider would
cover much of the motivated parameter space for mχ1 & 1 GeV at large mL. Of course, for
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smaller values of mL, properties of the additional fermion states can provide more spectac-
ular signatures, including direct electroweak production of charged and neutral fermions
and loop-level corrections to h→ γγ.
4.2 Scalar dark matter
Given that the lightest particle charged under U(1)X is stable, the super-extremal particle
in both the scalar and fermionic models is a natural DM candidate, and imposing astro-
physical constraints further shapes the motivated parameter space. In the scalar model,
the super-extremal particle couples exclusively to the SM through the Z2-symmetric Higgs
portal, and thus would correspond to Higgs portal DM where the DM is charged under
an additional Abelian gauge group. Moreover, since we will be interested in values of the
U(1)X gauge coupling g ≪ 1, the quartic coupling κ is the only interaction relevant for
DM production. Depending on its size, the observed relic abundance may be obtained
dynamically either through freeze-out or freeze-in. The former possibility, however, ap-
pears to be in tension with the latest direct detection constraints from XENON1T [64], as
perturbative values of κ leading to the correct DM density result in too large a scattering
cross section with nuclei (see [65] for an extensive review).
We focus instead on the alternative possibility that the DM is produced through freeze-
in [66]. The possibility of scalar DM that is a SM singlet, and whose relic density is
produced via Higgs portal freeze-in was first discussed in [67–69]. In the regimemΦ  mh/2
the dominant DM production channel is through Higgs decays h → ΦΦ∗, and the DM
abundance is given by
ΩΦh
2 ∼ 0.1
( κ
3 · 10−12
)2 ( mΦ
1 GeV
)(246 GeV
v
)
. (4.1)
The value of κ leading to the observed DM relic density may thus be written as
κ ≈ 3 · 10−12
(
1 GeV
mΦ
)1/2 ( v
246 GeV
)1/2
, (4.2)
with DM being overproduced for larger couplings. Notice that in this regime the DM is
relativistic when produced, and therefore mΦ & 1 keV is required for the DM to be cold.
As discussed in section 2.2, in the absence of fine-tuning one would have mΦ ∼
√
κv,
and the DM mass is set only by the connector coupling and the value of the weak scale.
In this case, the dependence on v in Eq.(4.2) drops out, and the correct relic density is
achieved for
κ ≈ 8 · 10−11
(
when mΦ =
√
κ/2v
)
. (4.3)
Figure 2 shows the region of parameter space in terms of the connector coupling κ,
and the value of v, in which Φ can successfully account for the observed DM abundance,
under the assumption that mΦ ≈
√
κ/2v. If g ∼ 10−21, the WGC sets an upper bound
on the DM mass mΦ . 10−3 GeV, which in turn constrains the value of the weak scale
to be below ∼ 1 TeV. On the other hand, the requirement that the DM must be cold
imposes a lower bound mΦ & 1 keV, which in turn implies v & 1 GeV. In this context,
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DM overproduced
WGC
H
ot
 D
M
g
=
10
 
2
1
<latexit sha1_base64="XX2QloQWTL9qvnDhN3Y/JJNOFtM=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBByMexGQS9CwIvHCOaByRpmJ51kyOzsMjMrhCV/4cWDIl79G2/+jZNkD5pY0FBUddPdFcSCa+O6387K6tr6xmZuK7+9s7u3Xzg4bOgoUQzrLBKRagVUo+AS64Ybga1YIQ0Dgc1gdDP1m0+oNI/kvRnH6Id0IHmfM2qs9DC49tzH9KziTbqFolt2ZyDLxMtIETLUuoWvTi9iSYjSMEG1bntubPyUKsOZwEm+k2iMKRvRAbYtlTRE7aeziyfk1Co90o+ULWnITP09kdJQ63EY2M6QmqFe9Kbif147Mf0rP+UyTgxKNl/UTwQxEZm+T3pcITNibAllittbCRtSRZmxIeVtCN7iy8ukUSl752X37qJYLWVx5OAYTqAEHlxCFW6hBnVgIOEZXuHN0c6L8+58zFtXnGzmCP7A+fwB7tCPsQ==</latexit> g
=
10
 
1
8
<latexit sha1_base64="WZv5llETuRM2rlPJeg4vQTYvU0w=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoOQi2FXBXMRAl48RjAPSNYwO+kkQ2Znl5lZISz5DS8eFPHqz3jzb5wke9DEgoaiqpvuriAWXBvX/XZya+sbm1v57cLO7t7+QfHwqKmjRDFssEhEqh1QjYJLbBhuBLZjhTQMBLaC8e3Mbz2h0jySD2YSox/SoeQDzqixUndIbojnPqbnXnXaK5bcijsHWSVeRkqQod4rfnX7EUtClIYJqnXHc2Pjp1QZzgROC91EY0zZmA6xY6mkIWo/nd88JWdW6ZNBpGxJQ+bq74mUhlpPwsB2htSM9LI3E//zOokZVP2UyzgxKNli0SARxERkFgDpc4XMiIkllClubyVsRBVlxsZUsCF4yy+vkuZFxbusuPdXpVo5iyMPJ3AKZfDgGmpwB3VoAIMYnuEV3pzEeXHenY9Fa87JZo7hD5zPH6Y1kAs=</latexit>
m
 
=
p /2
v
<latexit sha1_base64="dG/D/su61xKkfwKKikI3nxnpgzo=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBahq 5pUQTdCwY3LCvYBTQiT6aQdOpOMM5NCCQU3/oobF4q49Sfc+TdO2yy09cCFwzn3cu89oWBUacf5tgorq2vrG8XN0tb2zu6evX/QUkkqMWnihCWyEyJFGI1JU1PNSEdIgnjISDsc3kz99ohIRZP4Xo8F8TnqxzSiGGkjBfYRD7z GgMJr6KkHqTNviIRAZ7UJHAV22ak6M8Bl4uakDHI0AvvL6yU45STWmCGluq4jtJ8hqSlmZFLyUkUEwkPUJ11DY8SJ8rPZDxN4apQejBJpKtZwpv6eyBBXasxD08mRHqhFbyr+53VTHV35GY1FqkmM54uilEGdwGkgsEclwZqND UFYUnMrxAMkEdYmtpIJwV18eZm0alX3vFq7uyjXK3kcRXAMTkAFuOAS1MEtaIAmwOARPINX8GY9WS/Wu/Uxby1Y+cwh+APr8we/Ypbd</latexit>
m  / GeV
<latexit sha1_base64="mU07BGeK9i m7ZQR0nWe1wZca/BA=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL4tF6KkmVdBjwYMe K9gPaELYbKft0t0k7G6EEnvwr3jxoIhX/4Y3/43bNgdtfTDweG+GmXlhwpnSjvN tFVZW19Y3ipulre2d3T17/6Cl4lRSaNKYx7ITEgWcRdDUTHPoJBKICDm0w9H11G8 /gFQsju71OAFfkEHE+owSbaTAPhKB1xgy7OEzU5knBb6B1iSwy07VmQEvEzcnZZS jEdhfXi+mqYBIU06U6rpOov2MSM0oh0nJSxUkhI7IALqGRkSA8rPZ/RN8apQe7s fSVKTxTP09kRGh1FiEplMQPVSL3lT8z+umun/lZyxKUg0RnS/qpxzrGE/DwD0mgW o+NoRQycytmA6JJFSbyEomBHfx5WXSqlXd82rt7qJcr+RxFNExOkEV5KJLVEe3q IGaiKJH9Ixe0Zv1ZL1Y79bHvLVg5TOH6A+szx+X3JR2</latexit>

<latexit sha1_ba se64="zqrFs4s3yWxXrFtmCu/VhTbICF A=">AAAB7XicbVBNSwMxEM3Wr1q/qh69 BIvQU9mtgh4LXjxWsB/QLmU2zbax2SQk WaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6b YWZepDgz1ve/vcLG5tb2TnG3tLd/cHh UPj5pG5lqQltEcqm7ERjKmaAtyyynXaU pJBGnnWhyO/c7T1QbJsWDnSoaJjASLGY ErJPa/QkoBYNyxa/5C+B1EuSkgnI0B+W v/lCSNKHCEg7G9AJf2TADbRnhdFbqp4 YqIBMY0Z6jAhJqwmxx7QxfOGWIY6ldCY sX6u+JDBJjpknkOhOwY7PqzcX/vF5q45 swY0KllgqyXBSnHFuJ56/jIdOUWD51BI hm7lZMxqCBWBdQyYUQrL68Ttr1WnBZq9 9fVRrVPI4iOkPnqIoCdI0a6A41UQsR9 Iie0St686T34r17H8vWgpfPnKI/8D5/A I+ojwk=</latexit>
10 8
<latexit sha1_ba se64="iIUXKRFoaLsfSJBoIitlx0QzBM 0=">AAAB7nicbVDLSgNBEOyNrxhfUY9e BoOQi2E3CuYY8OIxgnlAEsPsZDYZMju7 zPQKYclHePGgiFe/x5t/4yTZgyYWNBRV 3XR3+bEUBl3328ltbG5t7+R3C3v7B4d HxeOTlokSzXiTRTLSHZ8aLoXiTRQoeSf WnIa+5G1/cjv3209cGxGpB5zGvB/SkRK BYBSt1Pbcx/SyNhsUS27FXYCsEy8jJcj QGBS/esOIJSFXyCQ1puu5MfZTqlEwyW eFXmJ4TNmEjnjXUkVDbvrp4twZubDKkA SRtqWQLNTfEykNjZmGvu0MKY7NqjcX// O6CQa1fipUnCBXbLkoSCTBiMx/J0OhOU M5tYQyLeythI2ppgxtQgUbgrf68jppVS veVaV6f12ql7M48nAG51AGD26gDnfQg CYwmMAzvMKbEzsvzrvzsWzNOdnMKfyB8 /kDP4iOxg==</latexit>
10 12
<latexit sha1_ba se64="MHVDhhYCju6nJGvCLm7QVgi5CA Y=">AAAB73icbVDLSgNBEOyNrxhfUY9e BoOQi2E3CnoMePEYwTwgWcPspJMMmZ1d Z2aFsOQnvHhQxKu/482/cZLsQRMLGoqq brq7glhwbVz328mtrW9sbuW3Czu7e/s HxcOjpo4SxbDBIhGpdkA1Ci6xYbgR2I4 V0jAQ2ArGNzO/9YRK80jem0mMfkiHkg8 4o8ZKbc99SM+96rRXLLkVdw6ySryMlCB DvVf86vYjloQoDRNU647nxsZPqTKcCZ wWuonGmLIxHWLHUklD1H46v3dKzqzSJ4 NI2ZKGzNXfEykNtZ6Ege0MqRnpZW8m/u d1EjO49lMu48SgZItFg0QQE5HZ86TPFT IjJpZQpri9lbARVZQZG1HBhuAtv7xKmt WKd1Fx7y5LtXIWRx5O4BTK4MEV1OAW6 tAABgKe4RXenEfnxXl3PhatOSebOYY/c D5/AKbDjvk=</latexit>
10 11
<latexit sha1_ba se64="vyjkbddy18vBTXdCNFGDay0LDg I=">AAAB73icbVBNSwMxEJ31s9avqkcv wSL0YklU0GPBi8cK9gPatWTTbBuaza5J VihL/4QXD4p49e9489+YtnvQ1gcDj/dm mJkXJFIYi/G3t7K6tr6xWdgqbu/s7u2 XDg6bJk414w0Wy1i3A2q4FIo3rLCStxP NaRRI3gpGN1O/9cS1EbG6t+OE+xEdKBE KRq2T2gQ/ZGeETHqlMq7iGdAyITkpQ45 6r/TV7ccsjbiyTFJjOgQn1s+otoJJPi l2U8MTykZ0wDuOKhpx42ezeyfo1Cl9FM balbJopv6eyGhkzDgKXGdE7dAselPxP6 +T2vDaz4RKUssVmy8KU4lsjKbPo77QnF k5doQyLdytiA2ppsy6iIouBLL48jJpnl fJRRXfXZZrlTyOAhzDCVSAwBXU4Bbq0 AAGEp7hFd68R+/Fe/c+5q0rXj5zBH/gf f4ApT6O+A==</latexit>
10 10
<latexit sha1_ba se64="qV7kRSCtBnboUlAA2AynCCmFYY E=">AAAB73icbVBNSwMxEJ31s9avqkcv wSL0YsmqoMeCF48V7Ae0a8mm2TY0m6xJ VihL/4QXD4p49e9489+YtnvQ1gcDj/dm mJkXJoIbi/G3t7K6tr6xWdgqbu/s7u2 XDg6bRqWasgZVQul2SAwTXLKG5VawdqI ZiUPBWuHoZuq3npg2XMl7O05YEJOB5BG nxDqp7eOH7MzHk16pjKt4BrRM/JyUIUe 9V/rq9hVNYyYtFcSYjo8TG2REW04Fmx S7qWEJoSMyYB1HJYmZCbLZvRN06pQ+ip R2JS2aqb8nMhIbM45D1xkTOzSL3lT8z+ ukNroOMi6T1DJJ54uiVCCr0PR51OeaUS vGjhCqubsV0SHRhFoXUdGF4C++vEya51 X/oorvLsu1Sh5HAY7hBCrgwxXU4Bbq0 AAKAp7hFd68R+/Fe/c+5q0rXj5zBH/gf f4Ao7mO9w==</latexit>
10 9
<latexit sha1_ba se64="+U02nfi/o2dXbJ6ewyMUcopWy8 c=">AAAB7nicbVBNS8NAEJ34WetX1aOX xSL0YklUUG8FLx4r2A9oY9lsN+3SzSbs ToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3 w8y8IJHCoOt+Oyura+sbm4Wt4vbO7t5 +6eCwaeJUM95gsYx1O6CGS6F4AwVK3k4 0p1EgeSsY3U791hPXRsTqAccJ9yM6UCI UjKKVWp77mJ3dTHqlslt1ZyDLxMtJGXL Ue6Wvbj9macQVMkmN6Xhugn5GNQom+a TYTQ1PKBvRAe9YqmjEjZ/Nzp2QU6v0SR hrWwrJTP09kdHImHEU2M6I4tAselPxP6 +TYnjtZ0IlKXLF5ovCVBKMyfR30heaM5 RjSyjTwt5K2JBqytAmVLQheIsvL5Pmed W7qLr3l+VaJY+jAMdwAhXw4ApqcAd1a ACDETzDK7w5ifPivDsf89YVJ585gj9wP n8AQGmOxQ==</latexit>
10 2
<latexit  sha1_base64="x0 JErje9VucsTKFL7Z vBQAoJvsQ=">AAAB 7nicbVBNS8NAEJ34 WetX1aOXxSL0Ykmq oMeCF48V7Ae0sWy2 m3bpZhN2J0IJ/RFe PCji1d/jzX/jts1B Wx8MPN6bYWZekEh h0HW/nbX1jc2t7cJ OcXdv/+CwdHTcMnG qGW+yWMa6E1DDpVC 8iQIl7ySa0yiQvB2 Mb2d++4lrI2L1gJO E+xEdKhEKRtFKbc9 9zC5q036p7FbdOcg q8XJShhyNfumrN4h ZGnGFTFJjup6boJ 9RjYJJPi32UsMTys Z0yLuWKhpx42fzc6 fk3CoDEsbalkIyV3 9PZDQyZhIFtjOiOD LL3kz8z+umGN74mV BJilyxxaIwlQRjMv udDITmDOXEEsq0sL cSNqKaMrQJFW0I3v LLq6RVq3qX1dr9Vb leyeMowCmcQQU8u IY63EEDmsBgDM/wC m9O4rw4787HonXNy WdO4A+czx82ao7A< /latexit>
10 3
<latexit sha1_base64="S6seE7rFxg GLdJ5yZmPA0DRdo0k=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoOQi2E3EfQY8OIx gnlAEsPspDcZMju7zMwKYclHePGgiFe/x5t/4yTZgyYWNBRV3XR3+bHg2rjut5P b2Nza3snvFvb2Dw6PiscnLR0limGTRSJSHZ9qFFxi03AjsBMrpKEvsO1Pbud++wm V5pF8MNMY+yEdSR5wRo2V2p77mF7WZoNiya24C5B14mWkBBkag+JXbxixJERpmKB adz03Nv2UKsOZwFmhl2iMKZvQEXYtlTRE3U8X587IhVWGJIiULWnIQv09kdJQ62 no286QmrFe9ebif143McFNP+UyTgxKtlwUJIKYiMx/J0OukBkxtYQyxe2thI2pos zYhAo2BG/15XXSqla8WqV6f1Wql7M48nAG51AGD66hDnfQgCYwmMAzvMKbEzsvz rvzsWzNOdnMKfyB8/kDN++OwQ==</latexit>
10 4
<latexit  sha1_base64="ue 2OxxgJ/5Nrx+cowp Icwe7U5QM=">AAAB 7nicbVDLSgNBEOyN rxhfUY9eBoOQi2E3 BvQY8OIxgnlAEsPs pDcZMju7zMwKYclH ePGgiFe/x5t/4yTZ gyYWNBRV3XR3+bH g2rjut5Pb2Nza3sn vFvb2Dw6PiscnLR0 limGTRSJSHZ9qFFx i03AjsBMrpKEvsO1 Pbud++wmV5pF8MNM Y+yEdSR5wRo2V2p7 7mF7WZoNiya24C5B 14mWkBBkag+JXbxi xJERpmKBadz03Nv 2UKsOZwFmhl2iMKZ vQEXYtlTRE3U8X58 7IhVWGJIiULWnIQv 09kdJQ62no286Qmr Fe9ebif143McFNP+ UyTgxKtlwUJIKYiM x/J0OukBkxtYQyxe 2thI2poszYhAo2BG /15XXSqla8q0r1vl aql7M48nAG51AGD 66hDnfQgCYwmMAzv MKbEzsvzrvzsWzNO dnMKfyB8/kDOXSOw g==</latexit>
10 5
<latexit sha1_ba se64="nBm8/ElShjqN+M3QFI03gUYdjl o=">AAAB7nicbVDLSgNBEOyNrxhfUY9e BoOQi2E3KnoMePEYwTwgWcPspJMMmZ1d ZmaFsOQjvHhQxKvf482/cZLsQRMLGoqq brq7glhwbVz328mtrW9sbuW3Czu7e/s HxcOjpo4SxbDBIhGpdkA1Ci6xYbgR2I4 V0jAQ2ArGtzO/9YRK80g+mEmMfkiHkg8 4o8ZKLc99TM+vpr1iya24c5BV4mWkBBn qveJXtx+xJERpmKBadzw3Nn5KleFM4L TQTTTGlI3pEDuWShqi9tP5uVNyZpU+GU TKljRkrv6eSGmo9SQMbGdIzUgvezPxP6 +TmMGNn3IZJwYlWywaJIKYiMx+J32ukB kxsYQyxe2thI2ooszYhAo2BG/55VXSrF a8i0r1/rJUK2dx5OEETqEMHlxDDe6gD g1gMIZneIU3J3ZenHfnY9Gac7KZY/gD5 /MHOvmOww==</latexit>
10 6
<latexit  sha1_base64="m3 VHx86zzHZImG0Iyc TVcwuNtgg=">AAAB 7nicbVDLSgNBEOyN rxhfUY9eBoOQi2E3 inoMePEYwTwgWcPs pJMMmZ1dZmaFsOQj vHhQxKvf482/cZLs QRMLGoqqbrq7glh wbVz328mtrW9sbuW 3Czu7e/sHxcOjpo4 SxbDBIhGpdkA1Ci6 xYbgR2I4V0jAQ2Ar GtzO/9YRK80g+mEm MfkiHkg84o8ZKLc9 9TM+vpr1iya24c5B V4mWkBBnqveJXtx+ xJERpmKBadzw3Nn 5KleFM4LTQTTTGlI 3pEDuWShqi9tP5uV NyZpU+GUTKljRkrv 6eSGmo9SQMbGdIzU gvezPxP6+TmMGNn3 IZJwYlWywaJIKYiM x+J32ukBkxsYQyxe 2thI2ooszYhAo2BG /55VXSrFa8i0r1/r JUK2dx5OEETqEMH lxDDe6gDg1gMIZne IU3J3ZenHfnY9Gac 7KZY/gD5/MHPH6Ox A==</latexit>
10 1
<latexit sha1_base64="ylVlmApPfO QXRCJpvbN+JsRcMvI=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSL0YkmqoMeCF48V 7Ae0sWy2k3bpZhN2N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekAiujet+O2v rG5tb24Wd4u7e/sFh6ei4peNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx7cxvP6H SPJYPZpKgH9Gh5CFn1Fip7bmP2YU37ZfKbtWdg6wSLydlyNHol756g5ilEUrDBNW 667mJ8TOqDGcCp8VeqjGhbEyH2LVU0gi1n83PnZJzqwxIGCtb0pC5+nsio5HWky iwnRE1I73szcT/vG5qwhs/4zJJDUq2WBSmgpiYzH4nA66QGTGxhDLF7a2EjaiizN iEijYEb/nlVdKqVb3Lau3+qlyv5HEU4BTOoAIeXEMd7qABTWAwhmd4hTcncV6cd +dj0brm5DMn8AfO5w805Y6/</latexit>
10
<latexit sha1_base64="zXq+ULxML0 ptU2NbNqs00lKrPGs=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBahp5JUQY8FLx6r 2A9oQ9lsN+3SzSbsToQS+g+8eFDEq//Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4W Nza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54l rI2L1iNOE+xEdKREKRtFKD547KFfcmrsAWSdeTiqQozkof/WHMUsjrpBJakzPcxP 0M6pRMMlnpX5qeELZhI54z1JFI278bHHpjFxYZUjCWNtSSBbq74mMRsZMo8B2Rh THZtWbi/95vRTDGz8TKkmRK7ZcFKaSYEzmb5Oh0JyhnFpCmRb2VsLGVFOGNpySDc FbfXmdtOs177JWv7+qNKp5HEU4g3OoggfX0IA7aEILGITwDK/w5kycF+fd+Vi2F px85hT+wPn8AeHujNk=</latexit>10 7
<latexit sha1_ba se64="XSWZxftsvm5YG7Qms+qpanXI1h g=">AAAB7nicbVDLSgNBEOyNrxhfUY9e BoOQi2E3CvEY8OIxgnlAEsPspDcZMju7 zMwKYclHePGgiFe/x5t/4yTZgyYWNBRV 3XR3+bHg2rjut5Pb2Nza3snvFvb2Dw6 PiscnLR0limGTRSJSHZ9qFFxi03AjsBM rpKEvsO1Pbud++wmV5pF8MNMY+yEdSR5 wRo2V2p77mF7WZoNiya24C5B14mWkBBk ag+JXbxixJERpmKBadz03Nv2UKsOZwF mhl2iMKZvQEXYtlTRE3U8X587IhVWGJI iULWnIQv09kdJQ62no286QmrFe9ebif1 43McFNP+UyTgxKtlwUJIKYiMx/J0OukB kxtYQyxe2thI2poszYhAo2BG/15XXSql a8q0r1/rpUL2dx5OEMzqEMHtSgDnfQg CYwmMAzvMKbEzsvzrvzsWzNOdnMKfyB8 /kDPgOOxQ==</latexit>
m  <
p
/2v
<latexit sha1_ba se64="2prcqh6OjMib1gnVyaBFHfkZo8 E=">AAACA3icbVDLSsNAFJ3UV62vqDvd DBahq5pUQRcuCm5cVrAPaEKYTCft0Jlk nJkUSii48VfcuFDErT/hzr9x2mahrQcu HM65l3vvCQWjSjvOt1VYWV1b3yhulra 2d3b37P2DlkpSiUkTJyyRnRApwmhMmpp qRjpCEsRDRtrh8Gbqt0dEKprE93osiM9 RP6YRxUgbKbCPeOA1BhReQ089SJ15QyQ EOqtN4Ciwy07VmQEuEzcnZZCjEdhfXi /BKSexxgwp1XUdof0MSU0xI5OSlyoiEB 6iPukaGiNOlJ/NfpjAU6P0YJRIU7GGM/ X3RIa4UmMemk6O9EAtelPxP6+b6ujKz2 gsUk1iPF8UpQzqBE4DgT0qCdZsbAjCkp pbIR4gibA2sZVMCO7iy8ukVau659Xa3 UW5XsnjKIJjcAIqwAWXoA5uQQM0AQaP4 Bm8gjfryXqx3q2PeWvBymcOwR9Ynz+9z Jbc</latexit>
(fine
<latexit sha1_ba se64="P2jebAPRqQ0tkQcyg+DOci34Hu Y=">AAAB8nicbVDLSgMxFL1TX7W+qi7d BIvQVZmpgi4LblxWsK0wHUomzbSheQxJ RihDP8ONC0Xc+jXu/BvTdhbaeiBwOOce cu+JU86M9f1vr7SxubW9U96t7O0fHB5 Vj0+6RmWa0A5RXOnHGBvKmaQdyyynj6m mWMSc9uLJ7dzvPVFtmJIPdprSSOCRZAk j2DopzPtaoHriwrNBteY3/AXQOgkKUoM C7UH1qz9UJBNUWsKxMWHgpzbKsbaMcD qr9DNDU0wmeERDRyUW1ET5YuUZunDKEC VKuyctWqi/EzkWxkxF7CYFtmOz6s3F/7 wws8lNlDOZZpZKsvwoyTiyCs3vR0OmKb F86ggmmrldERljjYl1LVVcCcHqyeuk22 wEl43m/VWtVS/qKMMZnEMdAriGFtxBG zpAQMEzvMKbZ70X7937WI6WvCJzCn/gf f4A66WQ7w==</latexit>
tuning)
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Figure 2: Everywhere in this plot mΦ =
√
κ/2v. The correct DM relic density is obtained
through Higgs portal freeze-in along the horizontal blue line, corresponding to the value
of κ in Eq.(4.3), with the region above the line corresponding to DM overproduction. The
green region corresponds to mΦ . 1 keV, and is ruled out as DM would be hot. The pink
region corresponds to Φ being sub-extremal for the values of the gauge coupling g indicated
in the figure, and therefore is ruled out by the WGC.
this lower bound may be regarded as an anthropic requirement on the minimal value of the
weak scale, as smaller values of v would lead to the DM being hot, precluding structure
formation to proceed as observed.
Alternatively, one can also look at the viable region of parameter space in terms of κ
and the mass of the DM particle, while keeping v fixed to its observed value. This is shown
in Figure 3, where the dashed line corresponds to the case mΦ =
√
κ/2v, and results in
the observed relic density for mΦ ≈ 10−3 GeV.
We can further address the magnetic version of the conjecture by, for example, embed-
ding the Abelian factor into an SU(2)X gauge group. As already mentioned in section 2.2,
Φ would then be promoted into an SU(2)X doublet, with components Φ1 and Φ2 coupling
to the Higgs with the same quartic coupling κ. Assuming mΦ1 ≈ mΦ2 ≈
√
κ/2v, the only
difference with respect to the situation discussed above is that the value of κ required to
obtain the observed relic abundance would now be smaller by a factor of
√
2, in order to
account for the doubling of degrees of freedom in the DM sector. An extra vector degree of
freedom, the W gauge boson associated to the broken directions, would also be part of the
spectrum, making an appearance below the scale ∼ gMPl, which parametrically coincides
with the DM mass if the electric WGC bound is saturated. However, the values of g that
we consider here are so exceedingly small that interactions between this massive vector and
the components of Φ would have no implications regarding DM production.
In fact, given that both g, κ≪ 1, one might fear that this model has no experimental
implications. Indeed, the values of κ required to produce DM through freeze-in via the
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m  / GeV
<latexit sha1_base64="mU07BGeK9i m7ZQR0nWe1wZca/BA=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL4tF6KkmVdBjwYMe K9gPaELYbKft0t0k7G6EEnvwr3jxoIhX/4Y3/43bNgdtfTDweG+GmXlhwpnSjvN tFVZW19Y3ipulre2d3T17/6Cl4lRSaNKYx7ITEgWcRdDUTHPoJBKICDm0w9H11G8 /gFQsju71OAFfkEHE+owSbaTAPhKB1xgy7OEzU5knBb6B1iSwy07VmQEvEzcnZZS jEdhfXi+mqYBIU06U6rpOov2MSM0oh0nJSxUkhI7IALqGRkSA8rPZ/RN8apQe7s fSVKTxTP09kRGh1FiEplMQPVSL3lT8z+umun/lZyxKUg0RnS/qpxzrGE/DwD0mgW o+NoRQycytmA6JJFSbyEomBHfx5WXSqlXd82rt7qJcr+RxFNExOkEV5KJLVEe3q IGaiKJH9Ixe0Zv1ZL1Y79bHvLVg5TOH6A+szx+X3JR2</latexit>

<latexit sha1_ba se64="zqrFs4s3yWxXrFtmCu/VhTbICF A=">AAAB7XicbVBNSwMxEM3Wr1q/qh69 BIvQU9mtgh4LXjxWsB/QLmU2zbax2SQk WaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6b YWZepDgz1ve/vcLG5tb2TnG3tLd/cHh UPj5pG5lqQltEcqm7ERjKmaAtyyynXaU pJBGnnWhyO/c7T1QbJsWDnSoaJjASLGY ErJPa/QkoBYNyxa/5C+B1EuSkgnI0B+W v/lCSNKHCEg7G9AJf2TADbRnhdFbqp4 YqIBMY0Z6jAhJqwmxx7QxfOGWIY6ldCY sX6u+JDBJjpknkOhOwY7PqzcX/vF5q45 swY0KllgqyXBSnHFuJ56/jIdOUWD51BI hm7lZMxqCBWBdQyYUQrL68Ttr1WnBZq9 9fVRrVPI4iOkPnqIoCdI0a6A41UQsR9 Iie0St686T34r17H8vWgpfPnKI/8D5/A I+ojwk=</latexit>
10 8
<latexit sha1_ba se64="iIUXKRFoaLsfSJBoIitlx0QzBM 0=">AAAB7nicbVDLSgNBEOyNrxhfUY9e BoOQi2E3CuYY8OIxgnlAEsPsZDYZMju7 zPQKYclHePGgiFe/x5t/4yTZgyYWNBRV 3XR3+bEUBl3328ltbG5t7+R3C3v7B4d HxeOTlokSzXiTRTLSHZ8aLoXiTRQoeSf WnIa+5G1/cjv3209cGxGpB5zGvB/SkRK BYBSt1Pbcx/SyNhsUS27FXYCsEy8jJcj QGBS/esOIJSFXyCQ1puu5MfZTqlEwyW eFXmJ4TNmEjnjXUkVDbvrp4twZubDKkA SRtqWQLNTfEykNjZmGvu0MKY7NqjcX// O6CQa1fipUnCBXbLkoSCTBiMx/J0OhOU M5tYQyLeythI2ppgxtQgUbgrf68jppVS veVaV6f12ql7M48nAG51AGD26gDnfQg CYwmMAzvMKbEzsvzrvzsWzNOdnMKfyB8 /kDP4iOxg==</latexit>
10 12
<latexit sha1_ba se64="MHVDhhYCju6nJGvCLm7QVgi5CA Y=">AAAB73icbVDLSgNBEOyNrxhfUY9e BoOQi2E3CnoMePEYwTwgWcPspJMMmZ1d Z2aFsOQnvHhQxKu/482/cZLsQRMLGoqq brq7glhwbVz328mtrW9sbuW3Czu7e/s HxcOjpo4SxbDBIhGpdkA1Ci6xYbgR2I4 V0jAQ2ArGNzO/9YRK80jem0mMfkiHkg8 4o8ZKbc99SM+96rRXLLkVdw6ySryMlCB DvVf86vYjloQoDRNU647nxsZPqTKcCZ wWuonGmLIxHWLHUklD1H46v3dKzqzSJ4 NI2ZKGzNXfEykNtZ6Ege0MqRnpZW8m/u d1EjO49lMu48SgZItFg0QQE5HZ86TPFT IjJpZQpri9lbARVZQZG1HBhuAtv7xKmt WKd1Fx7y5LtXIWRx5O4BTK4MEV1OAW6 tAABgKe4RXenEfnxXl3PhatOSebOYY/c D5/AKbDjvk=</latexit>
10 11
<latexit sha1_ba se64="vyjkbddy18vBTXdCNFGDay0LDg I=">AAAB73icbVBNSwMxEJ31s9avqkcv wSL0YklU0GPBi8cK9gPatWTTbBuaza5J VihL/4QXD4p49e9489+YtnvQ1gcDj/dm mJkXJFIYi/G3t7K6tr6xWdgqbu/s7u2 XDg6bJk414w0Wy1i3A2q4FIo3rLCStxP NaRRI3gpGN1O/9cS1EbG6t+OE+xEdKBE KRq2T2gQ/ZGeETHqlMq7iGdAyITkpQ45 6r/TV7ccsjbiyTFJjOgQn1s+otoJJPi l2U8MTykZ0wDuOKhpx42ezeyfo1Cl9FM balbJopv6eyGhkzDgKXGdE7dAselPxP6 +T2vDaz4RKUssVmy8KU4lsjKbPo77QnF k5doQyLdytiA2ppsy6iIouBLL48jJpnl fJRRXfXZZrlTyOAhzDCVSAwBXU4Bbq0 AAGEp7hFd68R+/Fe/c+5q0rXj5zBH/gf f4ApT6O+A==</latexit>
10 10
<latexit sha1_ba se64="qV7kRSCtBnboUlAA2AynCCmFYY E=">AAAB73icbVBNSwMxEJ31s9avqkcv wSL0YsmqoMeCF48V7Ae0a8mm2TY0m6xJ VihL/4QXD4p49e9489+YtnvQ1gcDj/dm mJkXJoIbi/G3t7K6tr6xWdgqbu/s7u2 XDg6bRqWasgZVQul2SAwTXLKG5VawdqI ZiUPBWuHoZuq3npg2XMl7O05YEJOB5BG nxDqp7eOH7MzHk16pjKt4BrRM/JyUIUe 9V/rq9hVNYyYtFcSYjo8TG2REW04Fmx S7qWEJoSMyYB1HJYmZCbLZvRN06pQ+ip R2JS2aqb8nMhIbM45D1xkTOzSL3lT8z+ ukNroOMi6T1DJJ54uiVCCr0PR51OeaUS vGjhCqubsV0SHRhFoXUdGF4C++vEya51 X/oorvLsu1Sh5HAY7hBCrgwxXU4Bbq0 AAKAp7hFd68R+/Fe/c+5q0rXj5zBH/gf f4Ao7mO9w==</latexit>
10 9
<latexit sha1_ba se64="+U02nfi/o2dXbJ6ewyMUcopWy8 c=">AAAB7nicbVBNS8NAEJ34WetX1aOX xSL0YklUUG8FLx4r2A9oY9lsN+3SzSbs ToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3 w8y8IJHCoOt+Oyura+sbm4Wt4vbO7t5 +6eCwaeJUM95gsYx1O6CGS6F4AwVK3k4 0p1EgeSsY3U791hPXRsTqAccJ9yM6UCI UjKKVWp77mJ3dTHqlslt1ZyDLxMtJGXL Ue6Wvbj9macQVMkmN6Xhugn5GNQom+a TYTQ1PKBvRAe9YqmjEjZ/Nzp2QU6v0SR hrWwrJTP09kdHImHEU2M6I4tAselPxP6 +TYnjtZ0IlKXLF5ovCVBKMyfR30heaM5 RjSyjTwt5K2JBqytAmVLQheIsvL5Pmed W7qLr3l+VaJY+jAMdwAhXw4ApqcAd1a ACDETzDK7w5ifPivDsf89YVJ585gj9wP n8AQGmOxQ==</latexit>
10 3
<latexit sha1_base64="S6seE7rFxg GLdJ5yZmPA0DRdo0k=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoOQi2E3EfQY8OIx gnlAEsPspDcZMju7zMwKYclHePGgiFe/x5t/4yTZgyYWNBRV3XR3+bHg2rjut5P b2Nza3snvFvb2Dw6PiscnLR0limGTRSJSHZ9qFFxi03AjsBMrpKEvsO1Pbud++wm V5pF8MNMY+yEdSR5wRo2V2p77mF7WZoNiya24C5B14mWkBBkag+JXbxixJERpmKB adz03Nv2UKsOZwFmhl2iMKZvQEXYtlTRE3U8X587IhVWGJIiULWnIQv09kdJQ62 no286QmrFe9ebif143McFNP+UyTgxKtlwUJIKYiMx/J0OukBkxtYQyxe2thI2pos zYhAo2BG/15XXSqla8WqV6f1Wql7M48nAG51AGD66hDnfQgCYwmMAzvMKbEzsvz rvzsWzNOdnMKfyB8/kDN++OwQ==</latexit>
10 5
<latexit sha1_ba se64="nBm8/ElShjqN+M3QFI03gUYdjl o=">AAAB7nicbVDLSgNBEOyNrxhfUY9e BoOQi2E3KnoMePEYwTwgWcPspJMMmZ1d ZmaFsOQjvHhQxKvf482/cZLsQRMLGoqq brq7glhwbVz328mtrW9sbuW3Czu7e/s HxcOjpo4SxbDBIhGpdkA1Ci6xYbgR2I4 V0jAQ2ArGtzO/9YRK80g+mEmMfkiHkg8 4o8ZKLc99TM+vpr1iya24c5BV4mWkBBn qveJXtx+xJERpmKBadzw3Nn5KleFM4L TQTTTGlI3pEDuWShqi9tP5uVNyZpU+GU TKljRkrv6eSGmo9SQMbGdIzUgvezPxP6 +TmMGNn3IZJwYlWywaJIKYiMx+J32ukB kxsYQyxe2thI2ooszYhAo2BG/55VXSrF a8i0r1/rJUK2dx5OEETqEMHlxDDe6gD g1gMIZneIU3J3ZenHfnY9Gac7KZY/gD5 /MHOvmOww==</latexit>
10 1
<latexit sha1_base64="ylVlmApPfO QXRCJpvbN+JsRcMvI=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSL0YkmqoMeCF48V 7Ae0sWy2k3bpZhN2N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekAiujet+O2v rG5tb24Wd4u7e/sFh6ei4peNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx7cxvP6H SPJYPZpKgH9Gh5CFn1Fip7bmP2YU37ZfKbtWdg6wSLydlyNHol756g5ilEUrDBNW 667mJ8TOqDGcCp8VeqjGhbEyH2LVU0gi1n83PnZJzqwxIGCtb0pC5+nsio5HWky iwnRE1I73szcT/vG5qwhs/4zJJDUq2WBSmgpiYzH4nA66QGTGxhDLF7a2EjaiizN iEijYEb/nlVdKqVb3Lau3+qlyv5HEU4BTOoAIeXEMd7qABTWAwhmd4hTcncV6cd +dj0brm5DMn8AfO5w805Y6/</latexit>
10
<latexit sha1_base64="zXq+ULxML0 ptU2NbNqs00lKrPGs=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBahp5JUQY8FLx6r 2A9oQ9lsN+3SzSbsToQS+g+8eFDEq//Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4W Nza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54l rI2L1iNOE+xEdKREKRtFKD547KFfcmrsAWSdeTiqQozkof/WHMUsjrpBJakzPcxP 0M6pRMMlnpX5qeELZhI54z1JFI278bHHpjFxYZUjCWNtSSBbq74mMRsZMo8B2Rh THZtWbi/95vRTDGz8TKkmRK7ZcFKaSYEzmb5Oh0JyhnFpCmRb2VsLGVFOGNpySDc FbfXmdtOs177JWv7+qNKp5HEU4g3OoggfX0IA7aEILGITwDK/w5kycF+fd+Vi2F px85hT+wPn8AeHujNk=</latexit>10 7
<latexit sha1_ba se64="XSWZxftsvm5YG7Qms+qpanXI1h g=">AAAB7nicbVDLSgNBEOyNrxhfUY9e BoOQi2E3CvEY8OIxgnlAEsPspDcZMju7 zMwKYclHePGgiFe/x5t/4yTZgyYWNBRV 3XR3+bHg2rjut5Pb2Nza3snvFvb2Dw6 PiscnLR0limGTRSJSHZ9qFFxi03AjsBM rpKEvsO1Pbud++wmV5pF8MNMY+yEdSR5 wRo2V2p77mF7WZoNiya24C5B14mWkBBk ag+JXbxixJERpmKBadz03Nv2UKsOZwF mhl2iMKZvQEXYtlTRE3U8X587IhVWGJI iULWnIQv09kdJQ62no286QmrFe9ebif1 43McFNP+UyTgxKtlwUJIKYiMx/J0OukB kxtYQyxe2thI2poszYhAo2BG/15XXSql a8q0r1/rpUL2dx5OEMzqEMHtSgDnfQg CYwmMAzvMKbEzsvzrvzsWzNOdnMKfyB8 /kDPgOOxQ==</latexit>
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10-4
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0.100
<latexit sha1_base64="McQFas8wOj11Bzy/wlQx4pKQ6dM=">AAAB6HicbVBN S8NAEJ34WetX1aOXxSL0VJIq6LHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGL VDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzU9Aalslt1FyDrxMtJGXI0BqWv/jBmaYTSMEG17nluYvyMKsOZwFmxn2pMKJvQEfYslTRC7WeLQ2 fk0ipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDWz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m6INwVt9eZ20a1XvqlprXpfrlTyOApzDBVTAg xuowz00oAUMEJ7hFd6cR+fFeXc+lq0bTj5zBn/gfP4AdBmMnw==</latexit> <latexit sha1_base64="6VKu8+QF0eCav28a8gC+oMaWLSI=">AAAB6HicbVBN S8NAEJ34WetX1aOXxSL0VJIq6LHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGL VDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzUrA1KZbfqLkDWiZeTMuRoDEpf/WHM0gilYYJq3fPcxPgZVYYzgbNiP9WYUDahI+xZKmmE2s8Wh8 7IpVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNkUbgrf68jpp16reVbXWvC7XK3kcBTiHC6iAB zdQh3toQAsYIDzDK7w5j86L8+58LFs3nHzmDP7A+fwBdZ2MoA==</latexit> <latexit sha1_base64="y8JI17oaSQit/Z1o89lx/EwDoI0=">AAAB6HicbVDL TgJBEOzFF+IL9ehlIjHhRHZRo0cSLx4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYh VJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzCRBP6JDyUPOqLFS47pfLLkVdwGyTryMlCBDvV/86g1ilkYoDRNU667nJsafUmU4Ezgr9FKNCWVjOsSupZJGqP3p4t AZubDKgISxsiUNWai/J6Y00noSBbYzomakV725+J/XTU1460+5TFKDki0XhakgJibzr8mAK2RGTCyhTHF7K2EjqigzNpuCDcFbfXmdtKoV77JSbVyVauUsjjycwTmUw YMbqME91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AHopjKM=</latexit> <latexit sha1_base64="zXq+ULxML0ptU2NbNqs00lKrPGs=">AAAB6XicbVBN S8NAEJ3Ur1q/qh69LBahp5JUQY8FLx6r2A9oQ9lsN+3SzSbsToQS+g+8eFDEq//Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa 6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKD547KFfcmrsAWSdeTiqQozkof/WHMUsjrpBJakzPcxP0M6pRMMlnpX5qeELZhI54z1JFI278bH HpjFxYZUjCWNtSSBbq74mMRsZMo8B2RhTHZtWbi/95vRTDGz8TKkmRK7ZcFKaSYEzmb5Oh0JyhnFpCmRb2VsLGVFOGNpySDcFbfXmdtOs177JWv7+qNKp5HEU4g3Oog gfX0IA7aEILGITwDK/w5kycF+fd+Vi2Fpx85hT+wPn8AeHujNk=</latexit> <latexit sha1_base64="KMrw3u6deeGi1ynYeGYOYjWnSQY=">AAAB6XicbVBN S8NAEJ3Ur1q/qh69LBahp5JUQY8FLx6r2A9oQ9lsJ+3SzSbsboQS+g+8eFDEq//Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMS qG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKHSPJaPZpqgH9GR5CFn1Fjpoe4OyhW35i5A1omXkwrkaA7KX/1hzNIIpWGCat3z3MT4GVWGM4GzUj/VmFA2oSPsWSpphNrPFp fOyIVVhiSMlS1pyEL9PZHRSOtpFNjOiJqxXvXm4n9eLzXhjZ9xmaQGJVsuClNBTEzmb5MhV8iMmFpCmeL2VsLGVFFmbDglG4K3+vI6addr3mWtfn9VaVTzOIpwBudQB Q+uoQF30IQWMAjhGV7hzZk4L86787FsLTj5zCn8gfP5A+NzjNo=</latexit> <latexit sha1_base64="yTQlBlQfKCyth4wyABk0yreiSc0=">AAAB6XicbVBN S8NAEJ3Ur1q/qh69LBahp5JURY8FLx6r2FpoQ9lsN+3SzSbsToQS+g+8eFDEq//Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqGW+xWMa 6E1DDpVC8hQIl7ySa0yiQ/DEY38z8xyeujYjVA04S7kd0qEQoGEUr3V+6/XLFrblzkFXi5aQCOZr98ldvELM04gqZpMZ0PTdBP6MaBZN8WuqlhieUjemQdy1VNOLGz+ aXTsmZVQYkjLUthWSu/p7IaGTMJApsZ0RxZJa9mfif100xvPYzoZIUuWKLRWEqCcZk9jYZCM0ZyokllGlhbyVsRDVlaMMp2RC85ZdXSbte885r9buLSqOax1GEEziFK nhwBQ24hSa0gEEIz/AKb87YeXHenY9Fa8HJZ47hD5zPH+gCjN0=</latexit>
10 1
<latexit sha1_base64="QlUBliBUo7Hns44xkOin65ljMYA=">AAAB7nicbVBN S8NAEJ3Ur1q/qh69LBahF0uigh4LXjxWsB/QxrLZTtqlm03Y3Qgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYh VJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzCRBP6JDyUPOqLFS23Mfs3Nv2i9X3Jo7B1klXk4qkKPRL3/1BjFLI5SGCap113MT42dUGc4ETku9VGNC2ZgOsWuppB FqP5ufOyVnVhmQMFa2pCFz9fdERiOtJ1FgOyNqRnrZm4n/ed3UhDd+xmWSGpRssShMBTExmf1OBlwhM2JiCWWK21sJG1FFmbEJlWwI3vLLq6R1UfMua+79VaVezeMow gmcQhU8uIY63EEDmsBgDM/wCm9O4rw4787HorXg5DPH8AfO5w80QY69</latexit>
1  2
<latexit sha1_base64="x0JErje9VucsTKFL7ZvBQAoJvsQ=">AAAB7nicbVBN S8NAEJ34WetX1aOXxSL0YkmqoMeCF48V7Ae0sWy2m3bpZhN2J0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa 6E1DDpVC8iQIl7ySa0yiQvB2Mb2d++4lrI2L1gJOE+xEdKhEKRtFKbc99zC5q036p7FbdOcgq8XJShhyNfumrN4hZGnGFTFJjup6boJ9RjYJJPi32UsMTysZ0yLuWKh px42fzc6fk3CoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGN74mVBJilyxxaIwlQRjMvudDITmDOXEEsq0sLcSNqKaMrQJFW0I3vLLq6RVq3qX1dr9VbleyeMow CmcQQU8uIY63EEDmsBgDM/wCm9O4rw4787HonXNyWdO4A+czx82ao7A</latexit>
1  3
<latexit sha1_base64="S6seE7rFxgGLdJ5yZmPA0DRdo0k=">AAAB7nicbVDL SgNBEOyNrxhfUY9eBoOQi2E3EfQY8OIxgnlAEsPspDcZMju7zMwKYclHePGgiFe/x5t/4yTZgyYWNBRV3XR3+bHg2rjut5Pb2Nza3snvFvb2Dw6PiscnLR0limGTRSJ SHZ9qFFxi03AjsBMrpKEvsO1Pbud++wmV5pF8MNMY+yEdSR5wRo2V2p77mF7WZoNiya24C5B14mWkBBkag+JXbxixJERpmKBadz03Nv2UKsOZwFmhl2iMKZvQEXYtlT RE3U8X587IhVWGJIiULWnIQv09kdJQ62no286QmrFe9ebif143McFNP+UyTgxKtlwUJIKYiMx/J0OukBkxtYQyxe2thI2poszYhAo2BG/15XXSqla8WqV6f1Wql7M48 nAG51AGD66hDnfQgCYwmMAzvMKbEzsvzrvzsWzNOdnMKfyB8/kDN++OwQ==</latexit>
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Figure 3: Everywhere in this plot v = 246 GeV. The correct DM relic density is obtained
through Higgs portal freeze-in along the horizontal blue line, as given Eq.(4.2), with the
region above the line corresponding to DM overproduction. The green region corresponds
to mΦ . 1 keV, and is ruled out as DM would be hot. The pink region corresponds to
Φ being sub-extremal for the values of the gauge coupling g indicated in the figure, and
therefore is ruled out by the WGC. The dashed line corresponds to the case mΦ =
√
κ/2v,
and can therefore be considered natural (see discussion in the text), while the region to
the left of this line would require fine-tuning.
Higgs portal are so small that it is probably impossible to directly probe this production
mechanism [69]. There is some hope, however, that the DM being a plasma of Φ and Φ∗
particles subject to long-range interactions may have observable consequences, even for the
tiny values of the gauge coupling considered here. We defer the discussion of potential
collective effects in the DM plasma to section 4.4, as these would not be unique to the
specific scalar model discussed here, but rather common to any model of plasma DM
where the DM mass is not too far below the super-extremality bound.
4.3 Fermionic dark matter
The fermion model of section 2.3 also admits a DM interpretation, with the lightest fermion
charged under the U(1)X gauge group, χ1, playing the role of the DM particle. Unlike the
situation for the scalar case discussed in 4.2, the additional field content introduced in the
fermion model is charged under the SM gauge group, and, as a result, the viable region of
parameter space is subject to significant experimental constraints, both from DM direct
detection as well as collider experiments. Models of DM based on the field content of
Eq.(2.11) have been thoroughly studied in the literature (see e.g. [61]), so we will limit
ourselves here to a summary of those aspects that are relevant for our discussion.
As discussed in [61], a DM abundance of χ1 particles can be obtained through the
standard freeze-out mechanism. However, direct detection constraints require the DM to
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be dominantly an electroweak singlet. Moreover, the correct relic density is obtained only
in the region of parameter space where the mass difference between the two EM neutral
fermions, χ1 and χ2, is of order a ∼ few %, so that co-annihilation is active. This can be
achieved, in the notation of section 2.3, for mN ,mL  mL −mN  yv. For a value of the
physical phase φ = pi (defined in 2.3), one finds
mχ1(2) ≈ mN(L) +
(yv)2
2(mL +mN )
, (4.4)
so that
δ ≡ mχ2 −mχ1
mχ1
≈ mL −mN
mN
. (4.5)
One can then choose mL,mN ∼ 100 GeV, and set δ ∼ 0.01 by choosing mL−mN small
– a technically natural fine-tuning. Both χ1 and χ2 would thus appear roughly at the weak
scale, separated by a small mass difference. As an example, values of the vector-like masses
given by mN ' 295 GeV and mL ' 305 GeV, as well as a Yukawa coupling y ' 5 · 10−4,
leading to δ ' 3%, can result in the correct relic density, and are consistent with current
experimental constraints.
An upper bound on the mass of the DM particle χ1 as set by the WGC then translates
into a bound on the weak scale. From Eq.(4.4), the bound mχ1 . gMPl can be rewritten
as
v2 . 2
y2
(mL +mN )(gMPl −mN ) . (4.6)
For values of the vector-like fermion masses of order the weak scale, and given that the
experimentally allowed values of the Yukawa coupling are y  1, it is clear from Eq.(4.6)
that a bound on v of order the weak scale itself requires a rather accurate cancellation
between gMPl and mN . This is indeed the sign of a fine-tuning, albeit of the technically
natural parameters g and mN/MPl. To be more precise, using the standard fine-tuning
measure already introduced in 2.2, we find a large sensitivity in the value of v, as given by
Eq.(4.6), with respect to the underlying parameters. For example:
∆mN ≈
2mN (mL +mN )
y2v2
∼ 1
y2
& 107 , (4.7)
which is indeed  1, reflecting the level of accuracy needed in the cancellation of the
last factor of Eq.(4.6). Thus generating the observed DM relic abundance from standard
freeze-out of the super-extremal particle in the fermionic model appears to render the weak
scale exquisitely sensitive to the values of underlying parameters.
As in the scalar model, additional considerations imposed by the magnetic WGC can
potentially be accommodated while preserving the super-extremal fermion as a DM can-
didate. The U(1)X can again be embedded into an SU(2)X gauge group under which
L,Lc, N,N c are all promoted into doublets. This increases the degeneracy of states in
the low-energy theory by appropriate factors of 2, but otherwise leaves the parametrics of
freeze-out unaltered. It is also conceivable that the fermionic DM candidate could remain
viable even if there is more radical new physics appearing at the magnetic WGC scale Λ,
since the freeze-out process occurs at temperatures somewhat below this scale.
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4.4 Plasma effects
The two models discussed in previous sections share a common feature: in both, the DM is
charged under a hidden Abelian gauge group with charge g≪ 1. In fact, one might think
that for the values of g considered here there is probably no way of probing the U(1)X
charge of the DM, effectively leaving a WGC-based solution of the electroweak hierarchy
problem in the dark as far as experimental exploration is concerned.
A caveat to the above expectation concerns the plasma nature of the DM models
under consideration. In all the scenarios considered here, the 2→ 2 scattering rate of DM
particles falls below the current Hubble scale, thus making the DM collisionless at short-
distances. The DM, however, is made of equal populations of particles and anti-particles
carrying opposite U(1)X charges, and therefore subject to long-range interactions. In
this situation, collective effects mediated by the massless vector dominate over the effect
of short-range collisions. On very large scales, such as those encountered in astrophysical
settings, collective plasma instabilities might lead to observable effects, even for exceedingly
small values of the gauge coupling. 6 This observation was already made in [70, 71], with
[72–74] further noticing that a subcomponent of the DM being a plasma might provide the
necessary amount of dissipative dynamics to explain some of the features observed in the
DM distribution seen in the Abell 520 cluster collision [75, 76]. In the remainder of this
section we make an estimate of the length and timescales over which plasma instabilities
can grow and result in potentially observable effects, in the context of models where the
DM particle approximately saturates the WGC bound. For concreteness, we take the
parameters relevant to the Abell 520 cluster as a benchmark.
The characteristic frequency of fluctuations in a plasma is given by the so-called plasma
frequency ωp =
√
g2n/m, with n the number density of the particles making the plasma
and m their mass. It will be convenient to write this in terms of the energy density
ρ = mn, so that ωp =
√
g2ρ/m2. For a particle with mass m that saturates the WGC
bound, m . gMPl, the corresponding plasma frequency can thus be written as
ωp =
√
g2ρ
m2
&
√
ρ
MPl
. (4.8)
In the context of plasma DM, the value of ρ in Eq.(4.8) will vary depending on the
astrophysical object under consideration. For instance, the colliding DM halos inside the
Abell 520 cluster have typical sizes R ≈ 200 kpc, and masses M ≈ 4 · 1013M [76], leading
to ρ ≈ 0.04 GeV cm−3. The typical fluctuation timescale is therefore
ω−1p . 1015 s
(
0.04 GeV cm−3
ρ
)1/2
. (4.9)
For comparison, the typical timescale of a galaxy cluster collision is of order 1 Gyr ∼ 1016 s.
Small fluctuations might become unstable when two plasma clouds collide. If the
two clouds are travelling non-relativistically, as it is the case for two colliding clusters, the
fastest growing instability is the electrostatic ‘two-stream’ instability [77–79]. Its maximum
6We thank Robert Lasenby for valuable discussions on this point.
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growth rate is δ ∼ ωp, corresponding to a mode with wavelength λ∗ ≈ 2pivcol/ωp, with
vcol the collision speed [79]. Once the size of the overlapping region becomes of order
λ∗, the instability can start to grow, first exponentially fast, until saturation is achieved.
After saturation, an electrostatic shock wave can form, leading to dissipative dynamics and
therefore making the DM effectively collisional on very large scales.
The typical speed in a galaxy cluster collision is vcol ∼ 10−2, leading to λ∗ ∼ 100 kpc.
This is comparable to the size of the colliding DM halos, thus making it potentially possible
for the instability to grow. Numerical [78, 79] and analytical [79] studies suggest that it
might take a time of order τs ∼ 10ω−1p for the instability to saturate, and a similar timescale
for a shock wave to finally develop. Overall, it is possible that after a time ∼ (10−102)ω−1p
the effects of the initial fluctuations might have developed into a genuine shock. For the
numerical values considered here (see Eq.(4.9)) it is thus possible that such a timescale
might be comparable to the timescale of a cluster collision.
A more conclusive statement would require a more refined analysis, which is beyond
the scope of this work. However, the possibility that plasma effects might have observables
consequences even in models where the DM saturates the WGC bound, regardless of its
connection to the weak scale, provides further motivation for dedicated analytical and
numerical studies.
5 Conclusion
Under generic assumptions about the properties of the UV completion of the SM, it is
a mystery that the weak scale appears to be parametrically below much higher scales at
which we expect new physics to appear. For a long time, and for compelling reasons, the
standard approach to the hierarchy problem has been to try and lower the cutoff of the
UV completion close to the weak scale itself, the canonical example being supersymmetric
models, with the scale of SUSY-breaking not far above the Higgs vev. This approach has
two virtues. First, that it provides an explanation of the smallness of v by means of new
symmetries and dynamics, while at the same time allowing us to remain largely agnostic
about the specific details of the theory in the far UV. Second, that it necessarily implies new
physics not far above the weak scale, making it possible to experimentally falsify specific
models’ predictions.
However, with increasingly stringent upper bounds on traditional models of natural-
ness, it seems timely to seriously consider an alternative approach: that the SM may be
valid up to scales parametrically above v, with a UV completion featuring rather unusual
properties far from what, in our ignorance, we might consider generic. The challenge of
this approach is to render it concrete. In this paper, we have taken a step towards making
this suggestion more tangible by exploring how the WGC might provide an explanation for
the smallness of the weak scale. By demanding that the electric WGC for a new Abelian
gauge group be satisfied by a particle acquiring at least some of its mass from electroweak
symmetry breaking, we have advanced the possibility (first explored in [8]) that the weak
scale may naturally lie parametrically below the UV cutoff. Beyond the presence of an ex-
tra Abelian gauge group with gauge coupling smaller than 10−16, the extra matter content
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required to link the weak scale to the WGC is fairly minimal. The primary challenge is to
address the implications of the magnetic WGC, which imply additional physics entering
near the scale of the super-extremal particle. Relative to previous work in this direction [8],
our main innovations have been to raise the scale of the magnetic WGC to the weak scale
itself; demonstrate the extent to which physics associated with the magnetic WGC can be
decoupled from the cutoff of the SM Higgs sector; and highlight the possibility that new
physics associated with the magnetic WGC could trivialize the desired bound. In addition,
we have explored the possibility of separating the scales of the electric and magnetic WGC
via the scalar modification of the conjecture (which would further protect a bound on the
weak scale from being trivialized by the magnetic WGC), constructing concrete models
that both realize this possibility [13] and illustrate its limitations when applied to the weak
scale.
The phenomenological implications of a WGC-based solution to the hierarchy problem
are not as obvious as those in models of supersymmetry or compositeness. Yet signatures
remain at or below the weak scale, making this a productive avenue for experimental tests.
We have identified two specific classes of signatures that could provide support for this
scenario, namely modifications to the SM Higgs sector and collective plasma effects if the
particle satisfying the WGC is itself the DM. Indeed, the distribution of DM in cluster
collisions can provide a stringent probe of very tiny gauge couplings if the DM is a plasma,
regardless of the role of the DM particle with respect to the hierarchy problem.
There are numerous directions for future development. Clearly, the WGC-based ex-
planations for v≪MPl explored here would be more compelling if made in the context of
a fully calculable theory where the natural size for v in the absence of the WGC is much
above its experimentally measured value – such as e.g. in Split Supersymmetry. Embedding
the mechanism explored here into such a UV completion would provide a more complete
picture of both why electroweak symmetry is broken, and why the weak scale is so small.
This work also motivates continued sharpening of both the electric and magnetic forms of
the conjecture, as the implications of the magnetic WGC for a potential bound on the weak
scale depend sensitively on both the detailed form of each conjecture and the specific way
in which the magnetic version is satisfied. The WGC with scalar fields merits comparable
attention, given its potential role in protecting a bound against the magnetic WGC. More
broadly, although the path to explaining the weak scale by the weakness of gravity appears
narrow, it remains an open and inviting avenue for further exploration.
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